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In Search of Unparticles 


The standard model of particle physics, which 
describes the basic building blocks of the 
universe and the interactions among them, is 
incomplete. Numerous theoretical extensions 
have been proposed, some of which predict 
long-range, spin-spin interactions. To test 
whether such interactions exist, a laboratory 
spin source is normally used. Hunter et al. (p. 
928) used Earth as a polarized spin source and 
looked for these interactions by changing the 
geographical position and the orientation of 
the measurement apparatus. The polarized 
spins mainly come from the electrons in iron- 
containing minerals of Earth’s mantle, which 
align in Earth’s magnetic field. The large 
numbers of such polarized electrons allowed the 
extraction of upper bounds on some of the ex- 
otic spin-spin interactions far lower than those 
obtained in the laboratory. 


Cost-Benefit of ART 


In the battle to control HIV, mass antiretroviral 
treatment (ART) costs $500 to $900 per person 
per year. Bor et al. (p. 961) calculated the im- 
pact of intensifying ART on the life expectancy 
of people living in rural KwaZulu Natal. The 
dates of death were collected from a population 
of about 100,000 people during 2000-2011: 
Four years before and 8 years after the scaling 
up of ART. Life expectancy of adults increased 
by more than 11 years after ART was expanded, 
and the economic value of the lifetimes gained 
were calculated to far exceed the cost of treat- 
ment. Tanser et al. (p. 966) followed nearly 
17,000 HIV-uninfected individuals in KwaZulu- 
Natal over an 8-year period. Holding other HIV 
risk factors constant, individual HIV acquisition 
risk declined significantly with increasing ART 
coverage of HIV-infected people. 


Mother Knows Best 


Fruit flies feed on decomposing fruit, a food 
source rich in alcohol, and thus have evolved 


a high alcohol 7% 


tolerance not 
shared by many 
other species. High 
levels of ingested 
alcohol protect fly 
larvae against para- 
sitic wasp larvae. 
Kacsoh et al. (p. 
947) show that this 
therapeutic use of 
alcohol to combat 
a parasite has an 
intergenerational 
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Aerosol Formation 


Most atmospheric aerosol particles result from a growth process that begins with atmo- 
spheric molecules and clusters, progressing to larger and larger sizes as they acquire other 
molecules, clusters, and particles. The initial steps of this process involve very small en- 
tities—with diameters of less than 2 nanometers—which have been difficult to observe. 
Kulmala et al. (p. 943; see the Perspective by Andreae) developed a sensitive observational 
protocol that allows these tiny seeds to be detected and counted, and they mapped out the 


process of aerosol formation in detail. 


component. When fly mothers were permitted to 
see parasitic wasps, they preferentially laid their 
eggs on substrates containing high alcohol lev- 
els as a way to medicate their offspring against 
potential infection. 


Water Flowing 
Underground 


In addition to serving as an out-of-sight, yet 
much-needed water source, groundwater 
influences ecosystems on land—especially 
when the groundwater depth is shallow. Fan 
et al. (p. 940) used government archives and 
published studies to construct a global map of 
groundwater depth based on over 1,000,000 
direct well measurements. A groundwater 
model was then used to construct a continuous 
global map of groundwater depth. The find- 
ings reveal the global influence of sea level 
and climate on groundwater depths across 
several regions and ecosystems. 


Stealth Delivery 


Delivery of therapeutics and imaging agents is 
hampered by the ability of the innate immune 
system to recognize and clear foreign particles. 
“Self” cells are protected from phagocytic 
clearance by the membrane protein CD47 

that interacts with signal regulatory protein-o 
(SIRPo) on macrophages. Taking advantage of 
this protective strategy, Rodriguez et al. (p. 
971) labeled nanoparticles with computation- 
ally designed minimal human-CD47—based 
peptide (hCD47). When injected into a strain 
of mice in which macrophages expressed a 


SIRPo that cross-reacts with hCD47, the pep- 
tide prevented clearance of nanoparticles and 
enhanced drug delivery to tumors. 


Assessing Singletons 


The one-child policy introduced by the govern- 
ment of China in 1979 increased the propor- 
tion of urban families with an only child; later 
referred to as “little emperors” in media reports. 
In 2010, Cameron et al. (p. 953, published 
online 10 January) recruited approximately 

400 residents of Beijing who had been born 
either before the implementation of the policy 
(1975 and 1978) or after (1980 and 1983). 
Using economic games to measure trust, risk, 
and willingness to compete, they found that the 
post-1979 cohorts were less trusting and less 
willing to compete and also more risk averse. 


Light On Clusters 


From schools of fish to bacterial colonies, large- 
scale phenomena—such as swarming or pattern 
formation—are ubiquitous. In such systems, 
there is a continuing question as to the relative 
importance of “intelligence” (biology) of the 
agents versus purely physical effects. Work- 

ing with synthetic colloids, Palacci et al. (p. 
936) show that self-organized clustering can be 
switched on and off to form crystals that dissolve 
when the light source is turned off. The particles 
consist of a hematite cube partly encapsulated 
in a polymeric sphere that is able to catalyze 
chemical reactions when exposed to light. The 
self-assembly behavior results from a combina- 
tion of propelling forces, osmotic effects, and 
coupling between colloidal and tracer particles. 
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The GMO Stalemate in Europe 


IN SEPTEMBER 2012, EUROPE WAS SHOCKED BY A PUBLICATION, FROM CAEN UNIVERSITY IN FRANCE, 
claiming that rats fed for 2 years with transgenic herbicide-resistant corn suffered from tumors. 
Even though the results have been criticized as flawed,* this research continues to be hailed as 
a confirmation that genetically modified organisms (GMOs) are intrinsically dangerous. 

The European Union (EU) differs from most of the world in its strong opposition to 
the use of genetic modification in agriculture. This position has worsened over the past 15 
years. Field trials of new GM varieties have declined since the late 1990s. Nearly the entire 
EU commercial acreage of 100,000 ha consists of Bt corn, altered to express a toxin from 
Bacillus thuringiensis that is poisonous to insect pests; no other GM crop is allowed, apart 
from a high-starch potato. The corn is grown mostly in Spain, the only European coun- 
try in the top 20 GM crop—growing countries worldwide. Once the European Food Safety 
Authority has produced a positive “final opinion” concerning the 
suitability of a new GM crop, final authorization must come from 
the European Commission (EC) and the member states that vote on 
approval. Over a dozen GM crops are stuck somewhere in this pipe- 
line, some stalled for years, either because of the absence of support 
from a majority of member states or a failure of the EC to submit the 
case to a vote. Attempts to break the deadlock have included seeking 
an agreement that would allow an individual member state to block 
the cultivation of a particular GM crop on its own territory, based on 
safety issues, while allowing other EU nations to make a decision 
about growing it. Unfortunately, such efforts to ease acceptance of 
genetic modification have failed. 

Respected independent institutions in Europe have provided evi- 
dence that GM crops can contribute to sustainable food production, 
especially when bred for insect and disease resistance, and that they do 
not carry risks beyond those of conventional varieties.t In 2011, the EC stated that the authori- 
zation procedure is dominated by preconceived ideas that prevent a fair revision of procedures 
to evaluate, approve, and control GMOs. However, in reaction to the flawed Caen study, the EC 
has opted for further delay, seeking more research on the long-term effects of GM feed. Yet 39 
GM crops are currently allowed into the EU as food or feed, with many new requests expected. 
Europeans and their livestock are already consuming GM foods on a substantial scale. 

Europe’s lack of trust in GMOs reflects a wider distrust of science. Similar attitudes pre- 
vail concerning shale gas and nuclear power. The irony is that the generations who have ben- 
efited most from scientific progress are now the most suspicious of science. Europeans tend 
to romanticize the pre-modern past, unaware of the suffering and food scarcity associated 
with low crop yields. This European distrust of science affects R&D investments and may 
have harmful effects elsewhere. In Africa, European donors and nongovernment organiza- 
tions (NGOs) unnecessarily delay the introduction of disease-resistant GM plants, such as 
the cassava needed to counteract the growing famine caused by brown streak virus. 

A change in European attitudes will not arise quickly. Nevertheless, this year’s negotiations 
for the renewal of the EU Common Agricultural Policy for 2014-2020 may provide an oppor- 
tunity, if the revision of subsidies is coupled with support for innovations, including GMOs 
that promote sustainable agriculture. Only political courage, as shown last year by the British 
government’s request for the EU to make it easier to grow GMOs, can break the ideological 
stalemate between NGOs, producers, consumers, and scientists. — Louise O. Fresco 


10.1126/science.1236010 


*European Food Safety Authority, EFSA]. 10, 2986 (2012). Swiss National Research Program, Benefits and Risks of the 
Deliberate Release of Genetically Modified Plants (2012), www.nfp59.ch/e_index.cfm; The Royal Society, Genetically Modified 
Plants for Food Use and Human Health—An Update (2002), http://royalsociety.org/uploadedFiles/Royal_Society_Content/ 
policy/publications/2002/9960.pdf; A. C. Franke et al., Sustainability of Current GM Crop Cultivation (2012), 
http://edepot.wur.n/166665. +H. Vanderschuren et al., PLoS ONE 7, 45277 (2012). 
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Modern Warming by Proxy 


Records constructed by compiling direct measurement 
of surface air temperatures made at thousands of loca- 
tions worldwide over the past century or so show clearly 
and repeatedly that climate is warming globally. Surface 
air temperatures for periods before direct measurements 
were made systematically and broadly enough to be use- 
ful on global scales are inferred from sources such as tree 
rings, corals, ice cores, speleothems, and marine sedi- 
ments, which provide proxies for temperature. What do 
proxy records say about modern global warming, though? 
Anderson et al. present an independent record of climate 
warming over the past 130 years, assembled from a col- 
lection of 170 temperature-sensitive paleo proxies, which 
show the same warming trend as the instrumental record 
over the same time, including the more detailed picture 
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of warming from around 1910 to the 1940s, the pause in temperature rise until the 
1960s, and a continuation of warming from the 1960s to the present. This work vali- 
dates both the modern instrumental record of temperature rise and the use of these 
proxies to reconstruct the temperatures of the past. — HJS 


Risky Fishing 

Fishing is a risky way to make a living, not only 
in terms of physical injury and death but also fi- 
nancially. Although farmers often have access to 
crop insurance, price supports, and futures mar- 
kets to mitigate risk, such tools are unavailable 
to commercial fishers. One approach common to 
both farmers and fishers, however, is to diversify 
their harvests. But fishers face constraints on 
their portfolio due to limited licenses and catch 
quotas imposed by fisheries managers. To better 
understand this phenomenon, Kasperski and 
Holland analyzed harvest and revenue data for 
over 30,000 commercial fishing vessels operated 
off the U.S. West Coast and Alaska from 1981 to 


Geophys. Res. Lett. 40, 189 (2013). 


2010. Maximum income variability was observed 
when harvests were only modestly diverse, 
roughly a 90-10% split between the two fisher- 
ies. Although income was slightly more stable 
when harvests were not at all diverse (100-0%), 
income stability was more pronounced as har- 
vests were spread 50-50% across two fisheries, 
or even more stable when spread 50-25-25% 
across three fisheries. Fishery restrictions may be 
necessary to ensure sustainability and efficiency; 
however, they do have important economic ef- 
fects on fishers. — BW 

Proc. Natl. Acad. Sci. U.S.A. 110, 2076 (2013). 


Tuning Brain Blood Flow 


Although the brain is insulated from many sys- 
temic effects on blood flow, delicately regulated 
changes in blood flow bring resources to sites 
of high neuronal activity. Astrocytes are in con- 
tact with neurons, and astrocyte endfeet also 
touch the small blood vessels that penetrate 
the brain. Cerebral arteries dilate in response 
to glutamate and p-serine signaling through 
NMDA receptors. LeMaistre Stobart et al. have 
studied the signaling pathways by which astro- 
cytes regulate the blood flow in arterioles in 
mouse brain slices and found that astrocytes 
can be a source of endogenous p-serine. p- 
serine found in the endfeet of astrocytes was 
released in response to the stimulation of glu- 


tamatergic neurotransmission. The subsequent 
vascular dilation required nitric oxide synthase 
and nitroic oxide signaling from intact vascular 
endothelium. These results suggest that astro- 
cytes activated by neighboring neural activity 
call in additional blood flow by signaling for 
the local dilation of blood vessels. — PJH 
Proc. Natl. Acad. Sci. U.S.A. 110, 
10.1073/pnas.1215929110 (2013). 


Old Stem Cells Rejuvenated 


Hematopoietic stem cells (HSCs) in the bone 
marrow give rise to all cells of the blood, but 
with age, this capacity decreases. Sirtuin 3 
(SIRT3) is a deactylase expressed in mitochon- 
dria that can control the production of dam- 
aging reactive oxygen species (ROS) by, for 
example, improving the antioxidative activity 
of other enzymes. Brown et al. observed that 
SIRT3 is highly expressed in the HSCs of young 
mice but not in older mice. In mice genetically 
engineered to lack SIRT3, the number of HSCs 
declined in older animals and, consequently, 
reduced the number of differentiated blood 
cells. In contrast, young mice lacking SIRT3 
showed no such effects. In bone marrow 
transplant assays, only HSCs from young wild- 
type mice or young SIRT3-deficient mice could 
reconstitute blood in recipient mice. SIRT3- 
deficient HSCs from old mice also were sus- 
ceptible to oxidative stress in vitro and showed 
reduced survival in vivo. The overexpression of 
SIRT3 in older SIRT3-deficient HSCs reduced 
ROS production and boosted the production 
of blood cells in bone marrow transplantation 
assays. Thus, the reduced expression of SIRT3 
with age probably disrupts mitochondrial 
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homeostasis and increases oxidative stress, 
thereby compromising stem cell renewal and 
function. Age-related stem cell degeneration 
may be reversed by manipulating mitochon- 
drial homeostasis. — LC 

Cell Rep. 10.1016/j.celrep.2013.01.005 (2013). 


PPLIED PHYSICS 


A Quick Freeze 


Microfluidics, in which small volumes of liquids 
are manipulated inside narrow channels, has 
proven to be a useful tool for the controlled 
fabrication of a range of materials. For example, 
through the delicate mixing of two fluid streams, 


it is possible to produce uniform oil-in-water 
emulsion droplets. Because the flow is laminar, 
it is also possible to create a long mixing layer 
at the interface between two miscible fluids. 
Cryogenic freezing has been used to capture 

or preserve fragile biological structures while 
minimizing ice crystal formation for subsequent 
analysis with an electron microscope. Jahn et al. 
extended this thinking to devise a technique for 
rapidly freezing a capillary stream as it exits the 
microfluidic device using jets of liquid propane. 
They studied the formation of nanometer-sized 
lipid membrane structures such as unilamellar 
vesicles, which are of interest because of the use 
of liposomes in cosmetics, pharmaceuticals, and 
food production. Through this process, they were 
able to capture both fully formed structures and 
their intermediaries. For the assembly of phos- 
phocholines at the water and isopropyl alcohol 
interfaces, they observed disklike intermediate 
assemblies, consistent with current theories on 
the assembly process. — MSL 

Langmuir 29, 1717 (2013). 


Voltage-Controlled Magnetism 


Many components of modern devices are based 
on magnetic effects; magnetic read heads, 
for example, use the phenomenon known as 


“ih 
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exchange bias, in which two materials that 
order magnetically are interfaced, causing the 
magnetic properties of the ferromagnetic layer 
(in which spins align parallel to each other) to 
be affected by the antiferromagnetic layer (in 
which neighboring spins prefer to be antiparal- 
lel). In devices, the control of magnetic effects 
with electric fields is desirable. Building on 
earlier work that showed a change in the size 
of the exchange bias effect, Wu et al. demon- 
strate a reversible switching of the sign of the 
exchange bias after the application of a voltage 
pulse. Key to this result is the use of a multifer- 
roic material for the antiferromagnetic layer, in 
which switching the sign of the voltage pulse 
causes spins to reverse their direction 
and changes the distance between the 
magnetic ions in the antiferromagnetic 
and ferromagnetic layers; this, in turn, 
causes the exchange bias to switch. 
The switching is achieved at constant 
temperature (without cooling or heat- 
ing cycles) and without applying addi- 
tional magnetic fields; the mechanism 
the authors offer as an explanation 
may aid in the understanding of the 
exchange bias effect. — JS 

Phys. Rev. Lett. 110, 067202 (2013). 


MMUNOLOGY 


lating TLR Traffic Flow 


Sensing pathogen-derived nucleic acids is 
important for mounting antipathogen im- 
munity. Such nucleic acid—-sensing receptors 
are expressed intracellularly so that they do 
not inappropriately respond to self nucleic 
acids and cause autoimmunity. The specific 
mechanisms that regulate how these receptors, 
which include Toll-like receptors (TLRs) 3, 7, 
8, and 9, reach their specific locations within 
cells, however, are not well understood. Lee et 
al. use cell biology techniques and mutational 
analysis to demonstrate that the transmembrane 
endoplasmic reticulum (ER) protein UNC93B11 is 
important for this process. UNC93B1 assists in 
the packaging of at least six TLRs in the ER and 
then remains associated with these receptors as 
they are processed through the Golgi appara- 
tus. How TLRs go from the Golgi to their final 
destination, however, appears to be regulated by 
distinct mechanisms depending on the receptor. 
UNC93B1-dependent recruitment of AP-2 was 
required for TLR9 trafficking to endosomes; how- 
ever, AP-2 was not required by other receptors. 
Thus, a variety of mechanisms may be employed 
to get TLRs from the Golgi to the right locations 
within the cell. — KLM 

eLife 10.7554/eLife.00291 (2013). 
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Washington, D.C. 1 


Science Gets Nod 
In State of the Union 


Many research advocates were smiling after 
President Barack Obama’s annual State of the 
Union address on 12 February. Obama called 
on Congress to take steps to thwart climate 
change, but said he’d act alone if lawmak- 

ers didn’t. He also asked Congress to protect 
biomedical research funding from budget 


cuts, create 15 “hubs” to pursue innovative 
manufacturing technologies, and expand 
“investments in science and innovation” to 
levels “not seen since the height of the space 
race.” He offered few details, however, on 
how to fund the initiatives, many of which are 
unlikely to get through the Republican- 
controlled House of Representatives. 
http://scim.ag/SOTUscience 


Science [a 


Join us on Thursday, 28 February, at 3 p.m. 
EST for a live chat on the science of dog 

cognition. What are we learning about the 
canine mind? http://scim.ag/science-live 


Washington, D.C. 2 


Flu Funding Rules Finalized 

By Government 

Researchers interested in creating poten- 
tially dangerous variants of the HSN1 avian 
influenza virus now have some new hurdles 
to jump if they want to get funding from the 
US. government. Officials from the Depart- 
ment of Health and Human Services (HHS) 
and its National Institutes of Health this 
week announced in Science that they have 
finalized a framework for reviewing propos- 
als to alter the bird virus in ways that would 
allow it to move between mammals. The new 
funding rules were incited by a global con- 
troversy that erupted in late 2011 after two 
teams created such transmissible HSN1 
viruses, raising fears of a deadly human 
pandemic (Science, 4 January, p. 16). The 
framework sets out seven criteria, includ- 
ing one that requires showing that proposed 
engineered viruses could also “be created 
through a natural evolutionary process.” 
Some researchers argue such forecasting 

is impossible. Just a handful of studies are 
expected to fall under the new rules, which 
HHS officials say they will regularly review 
and revise as needed. http://scim.ag/flufram 


Western Siberia 3 
Meteor Puts on Siberian Show 


Last week, a blast from the heavens that 
shattered windows across Western Siberia, 
injuring more than a thousand people, drove 
home planetary scientists’ words of warning 
about the incessant rain of cosmic debris. 
Before it exploded in the air on 15 February 
and its meager remains hit the ground, our 
planet’s latest celestial visitor was perhaps 
15 meters across. 

This latest asteroid was far smaller than 


the infamous dinosaur killer, notes planetary 
scientist Paul Chodas of NASA’s Jet Propul- 
sion Laboratory in Pasadena, California. 
(Scientists estimate that was about 10 kilo- 
meters in diameter.) The newcomer, however, 
may have been the biggest observed since the 
1908 Tunguska object, estimated at about 

40 meters in size, exploded in the air and lev- 
eled 2000 kilometers of Siberian forest. 

A dinosaur-killer-size asteroid comes 
every few hundred million years on average 
and a Tunguska-size one about every 
1200 years, but it’s hard to judge the fre- 
quency of objects like the latest one, Chodas 
says. Once a century on average might not be 
far from reality. http://scim.ag/Siberiamet 


Birmingham and Manchester, U.K. 4 
People May Spread Novel Virus 


A patient sick with a novel coronavirus 
infected two family members, marking the 
clearest signs of person-to-person transmis- 
sion of the new virus, originally 
identified last year in a man 
in Saudi Arabia. NCoV, as it 

is known, is related to the 

SARS virus that caused a 

deadly 2003 outbreak, so 
health officials have been 
tracking it closely to see how 
dangerous it might be. 

The first nine cases were diagnosed last 
year in people who lived in or had traveled to 
the Middle East; five patients died. Because 
there was no clear evidence that their con- 


THEY SAID IT 


“The high seas are owned 
by everyone but their 
governance and manage- 
ment are inadequate.” 


—José Maria Figueres, former presi- 
dent of Costa Rica and a founding mem- 
ber of the Global Ocean Commission, a 
new independent body aiming to advise 
the United Nations on how to protect bio- 
diversity in ocean waters outside national 
jurisdictions. http://scim.ag/high_seas 
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NOTED 


>The U.S. Food and Drug Administra- 
tion has followed European regulators by 
approving an artificial retinal implant 
for the first time. Designed to help peo- 
ple blinded by a genetic condition that 
destroys light-sensitive cells in the ret- 
ina, the ARGUS II Retinal Prosthesis Sys- 
tem, made by the firm Second Sight, 
incorporates camera-equipped goggles 
that transmit low-resolution visual infor- 
mation through a multielectrode array 
implanted into a person's eye. 


tacts became infected, experts thought that 
each patient could have picked up the virus 
from an animal host. 

On 15 February, the U.K. Health Protec- 
tion Agency (HPA) announced that three 
UK. residents in the same family, only one 
of whom had recently traveled to the Middle 
East and Pakistan, were infected. One died 
on 17 February. Still, HPA emphasized that 
there is no cause for alarm, noting that if the 
virus transmitted easily, many more cases 
would have been seen by now. 


Geneva, Switzerland 5 


Global Health Needs 
Better Numbers 


c Stay tuned for GBD 2.0, a follow-up to the 
q massive Global Burden of Disease (GBD) 
z 2010 study released in December. That 

- was the largest-ever effort to estimate how 
Z many people across the globe suffer and die 
2 from nearly 300 diseases and injuries. At a 
meeting at the World Heath Organization 


JOHN KRUEGER 


Drying Out the Cradle of Civilization 


It’s long been on the dry side along the Tigris and Euphrates rivers, but new satel- 
lite data paint a picture of humans draining the region’s meager water resources at 
an alarming rate. By measuring subtle changes in the pull of gravity over parts of 
Turkey, Syria, Iraq, and Iran from 2003 through 2009, NASA’s twin GRACE satellites 
have revealed a dramatic loss of about 90 cubic kilometers of ground water (reds are 
largest losses), as reported last week in Water Resources Research. Farmers and other 
water users struck by a 2007 drought apparently had to withdraw water from wells faster 


than rain could replenish it. 


(WHO) last week, GBD scientists said that 
when they release their country-level esti- 
mates next month, they’ll also unveil plans 
to develop a new version of the study, to be 
updated yearly. 

The meeting brought together 60 lead- 
ers in the field of global health statistics to 
discuss how to improve the world’s ability to 
measure the sick and the dead. Knowing how 
many people suffer from which maladies is 
crucial for effective public health policies, 
but in many regions data are sparse. ““Where 
disease burden is greatest, our capacity to 


Biomed 0.050 
Retractions Climb = °° 

= 0.040 
Biomedical retraction 0.035 
notices adjusted for the - 0.030 
number of papers pub- 2 0.025 
lished annually continue = 0.020 
to rise, according to a new 2 0.015 
analysis in the newslet- 010 
ter of the U.S. Office of = °% 


Research Integrity (ORI). : 
The increase was espe- 
cially sharp recently, with 
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348 retraction notices in 2012 versus 254 in 2011. ORI investigator John Krueger, who 
did the analysis, theorizes that one reason for the increase may be new technologies 
that help scientists more easily detect inconsistencies, particularly in published images. 


measure trends doesn’t exist,” said Margaret 
Chan, director-general of WHO. 

Scientists use computer modeling to fill 
in data gaps, but the models are so complex 
that it’s difficult for outsiders to check the 
estimates. Recent numbers, including some 
in the GBD study, have sparked controversy 
(Science, 14 December 2012, p. 1414). The 
meeting diffused some of the tensions, and 
participants agreed to more sharing of data 
and methods, as well as calling for invest- 
ment in better data-collecting. 
http://scim.ag/healthstats 


BY THE NUMBERS 


$134 billion Estimated 
reduction in health care costs for 
California residents over a span of 
nearly 20 years, linked to its state 
tobacco control program, accord- 
ing to a new study in PLOS ONE. 


$140 Claimed return on 
investment, noted by President 
Barack Obama in his State of the 
Union speech, for every U.S. 
dollar spent on the Human 
Genome Project. 
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PAN AAAS | 2013 ANNUAL MEETING 


The AAAS annual meeting, held in Boston 
from 14 to 18 February, attracted a total 
of almost 10,000 participants, including 
more than 900 journalists and 3647 people 
who participated in Family Science Day 
activities. The following are snapshots 
Jrom the meeting. For more coverage, 
including reports from sessions, podcasts, 
Q&As, video chats, and a new feature 
called “6-Second Science,” go to 
http://scim.ag/aaas_2013. 


FINDINGS 
Mussel-Inspired Glue 
Seals Membranes 


When it comes to hanging on tight, the 
lowly mussel has few rivals in nature. 
Now, researchers have used the mollusk’s 
tricks to develop a biocompatible glue that 
may one day be used in a variety of medi- 
cal applications. 

Materials scientist Phillip Messersmith 
of Northwestern University in Evanston, IIli- 
nois, reported that he and his colleagues have 


created a synthetic, threadlike polymer and 
attached a synthetic form of an amino acid 
called DOPA that’s abundant in the mussel’s 
glue, to the thread’s tips. This DOPA- 
decorated thread could “more or less reca- 
pitulate the central properties of mussel 
adhesion,” Messersmith said. In recent, 
unpublished experiments, Martin Ehrbar’s 
group at University Hospital Zurich, col- 
laborating with Messersmith’s team, used the 
adhesive to seal a 3.5-mm hole in the fetal 
membrane of rabbits (pictured). Without the 
glue, only 40% of the fetal rabbits survived 
the surgery, but with the glue, 60% did. 


890 


Messersmith and his colleagues hope that 
mussel-inspired adhesives will eventually 
be used to seal up arteries, and help fetal 
surgeons repair a serious birth defect known 
spinal bifida caused by an opening in the tis- 
sue surrounding the spinal cord. 


Looking for Life on Mars? 

Dig Deeper 

A martian meteorite that arrived on Earth 
12,000 years ago is strengthening the idea 
that life on Mars—if it exists—is buried 
deep. The meteorite, found in 1979, con- 
tains nitrate and perchlorate, which was a 
source of energy for some microbes in the 
early Earth’s oxygen-free atmosphere. But 
did those chemicals originate on Mars or 
creep in during the meteorite’s 12,000-year 
tenure on Earth? Now that question has been 
solved: They’re definitely from Mars, scien- 
tists reported at the meeting. 

What’s more, new analyses of data from 
the Curiosity rover’s predecessor, Phoenix, 
suggest that the Red Planet’s surface also 
contains oxychlorines, which react speed- 
ily with organic matter if water is present. 
So if scientists find any organics on Mars, 
that means the planet is very, very dry—at 
least nowadays—which isn’t good news 
for life. But life has been found in all sorts 
of deep, dark, inhospitable spots on Earth, 
said lead author and planetary scientist 
Samuel Kounaves of Tufts University in 
Medford, Massachusetts. “We had to go 
pretty far down. So if Earth is any guide, 
we’ve got a long way to go.” 


New Whale Species 
Unearthed in California 


Chalk yet another fossil find up to roadcut 
science. Thanks to a highway-widening proj- 
ect in California’s Laguna Canyon, scientists 
have identified several new species of early 
toothed baleen whales. Paleontolo- 
gist Meredith Rivin of the John D. 
Cooper Archaeological and Pale- 
ontological Curation Center in 
Fullerton, California, 
who presented the 

finds at the meeting, 
said the Laguna Canyon 
outcrop contained hundreds of 


The Swift Planet, in Vivid Color 


Constructed of thousands of images 
taken by NASA’s MESSENGER space- 
craft, this false-color image of Mercury, 
released this week at the meeting, is the 
first global color map of the planet. It’s 
a vast improvement over the last global 
map of Mercury, composed of images 
from NASA's Mariner 10 spacecraft, 
which flew by the planet in the 1970s 
but mapped only about 50% of its sur- 
face. The colorful map highlights compo- 
sitional differences in the surface rock: 
light-blue fresh impact craters, tan plains 
of lava, and medium- and dark-blue areas 
of a low-reflectance material (thought to 
be a dark, opaque mineral). 


marine mammals that lived 17 million to 19 

million years ago. Among the finds, she said, 

were four newly identified but still unnamed 
species of toothed baleen whale—a type of 
whale that scientists thought had gone extinct 

5 million years earlier. 

The four new species are the young- 

est toothed whales yet discovered. Three of 

the fossils, including these teeth, belong to 

the genus Morawanocetus, which hadn’t 

been seen before in California. The fourth— 

dubbed “Willy”—was bigger than the three 

Morawanocetus fossils. Its teeth were surpris- 

ingly worn—and based on the pattern 

of wear, Rivin said Willy’s favorite 
diet may have been sharks. These 

. © four new species aren’t ances- 

: tral to any of the living 
whales, but they could 
represent transitional 
steps on the way to the 

toothless mysticetes. 
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Economics Dims Coal’s Power 


Some critics of President Barack Obama and 
the Environmental Protection Agency claim 
that a federal “war on coal” has led to shutter- 
ing US. coal-fired power plants and putting 
coal miners out of work. Not so, according to 
a new analysis of the coal industry by David 
Schlissel of the Institute for Energy Econom- 
ics and Financial Analysis in Belmont, Mas- 
sachusetts. Instead, he said, coal is losing its 
battle with other power sources, mainly natu- 
ral gas, due to simple economics. 

Over the past 6 years the share of electric- 
ity generated by coal plants has fallen from 
50% to 38%. Plans for more than 150 new 
coal-fired power plants have also been can- 
celed since the mid-2000s. Schlissel, who 
has served as a paid expert witness at state 
public utility board hearings for both utili- 
ties and advocacy groups that oppose coal 
plants, found that sharply rising costs in the 
construction business have made new plants 
very expensive, and many existing plants 
face growing maintenance costs—60% of the 
nation’s coal plants are more than 40 years 

s old. Meanwhile, the price of natural gas has 
8 plummeted in recent years. “I don’t think 
there’s any question” that coal is losing on 

its economic merits, says Melissa Ahern, an 
economist at Washington State University, 
Spokane. In addition to the factors Schlissel 
= cited, the costs of shipping coal by train and 
g truck are large and rising, which adds signifi- 
8 cantly to the fuel’s cost, she notes. 
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2 Ancient Pee Provides Clues 


; To Africa's Past 


& When it comes to peering into Africa’s cli- 

= mate past, the ancient homes of hyraxes are 
5 number one. Paleoclimatologists typically 

& dig up muddy core samples and analyze 

E their pollen content for clues to long-ago 
weather, but parts of southern and central 

i, Africa are too dry to preserve such evidence. 
c 2 Enter the rock hyrax, Procavia capensis 
(inset), a furry mammal that looks like a 
large groundhog but is actually a distant 
cousin of the elephant. Hyrax colonies use 
> the same rock shelters for generation after 

S 2 ceneration, depositing pollen, calcium rem- 
§ nants, charcoal particles, stable isotopes, and 
© other detritus in their urine. “You can turn a 
e 2-meter pile of pee into a very nice section 
6 E which you can bring back to the lab,’ Brian 
5 Chase, a geographical scientist at the Uni- 
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versity of Montpellier in France (pictured), 
told the audience. “These are very high- 
resolution [climate] records.” Most climate 
models predict arid conditions in southern 
Africa 12,000 years ago, but the pollen con- 
tent of hyrax urine from that period indicates 
that they ate grasses, which flourish in wetter 
conditions, he reported. 


NEWSMAKERS 


Three Q's 


For physicist Max 
Tegmark of the Mas- 
sachusetts Institute of 
Technology in Cam- 
bridge, it’s not enough 
to say that math gov- 
erns our universe; he 
thinks reality itself is a 
mathematical structure. 
Tegmark described his ideas in a symposium 
called, “Is Beauty Truth?” 


Q: What makes a mathematical theory 
beautiful? 

M.1.: The beautiful mathematical regularities 
that have been uncovered have typically been 
unifications, where instead of having one 
mathematical description for this and a dif- 
ferent one for that, we realize there’s a single 
mathematical structure that encompasses all 
of it. So for me, it would be a natural conclu- 
sion if there’s a single mathematical structure 
that is our reality, and all of the mathematical 
structures that we’ve discovered before are 
part of this more beautiful whole. 


Q: What do you mean: the universe is a 
mathematical structure? 

M.I.: Right now, I’m eating an orange. Why 
do [its] molecules have their properties? 
Because they’re made of atoms put together 
in a certain way. Why do the atoms have 
those properties? Because they’re made of 
quarks and electrons. [But], all the proper- 
ties electrons have are purely mathematical. 


SIX-SECOND SCIENCE 


Science challenged meeting attendees to 
describe their research in 6 seconds, and 
we captured the results with an iPhone 
video app called Vine. Here’s a selection; 
you can view all the videos at 
http://scim.ag/6SecSci. 


“Language co-evolved 
in the human lineage 
with technological 
know-how and social 
cooperation.” 


—Harvard University psychologist 
Steven Pinker 


“Here's a star, here's a planet, 
the magnetic fields link up, the 
magnetic energy creates star 
spots on the star.” 


—Boston University astronomer 
Mark “Astro” Zastrow 


“I'm proposing a tool to 
communicate uncertainty 
in river-stage forecasts to 
emergency managers.” 
—Civil engineer Frauke Hoss of 
Carnegie Mellon University 
in Pittsburgh, Pennsylvania 


“I'm Jeremy deSilva 
from Boston Univer- 
sity, and 26 bones 
in the human foot 
is not an intelligent 
design.” 


It’s just a list of numbers. In fact, there’s no 
evidence that there’s anything at all in our 
universe that is not mathematical. 


Q: You call this idea a fundamentally opti- 
mistic way of looking at reality. Why? 


M.1.: If the mathematical universe hypothesis 
is true, we can actually learn things about the 
parts of our universe we can’t see or visit. Not 
with a telescope but with a pencil—and a lot 
of ingenuity. If the hypothesis is false, we’re 


ultimately going to hit a roadblock beyond 
which we just cannot proceed. Whereas if 
I’m right, there is no roadblock. The road 


ahead is open, and our future understanding 


is really only limited by our imagination. 
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NUCLEAR WEAPONS 


I Palmer Station in Antarctica hosts 
32 radionuclide detectors (inset). 


North Korea's Blast Poses 
Riddles and Challenges 


In a closed-door meeting in Beijing in the 
summer of 2011, Chinese and South Korean 
experts huddled over photos of centrifuges 
at North Korea’s Yongbyon nuclear com- 
plex. The machines’ existence had come to 
light the previous November, when Stanford 
University metallurgist Siegfried Hecker 
visited the facility; the Yongbyon scientists 
told Hecker that the cascade was for enrich- 
ing uranium for a future power reactor. The 
revelation accentuated fears—long denied by 
North Korea—that it was engaged in a clan- 
destine effort to produce highly enriched ura- 
nium (HEU) for bombs. Chinese experts had 
withheld judgment—until they saw the pho- 
tos from South Korea, says a Chinese physi- 
cist present at the meeting who requested 
anonymity due to the issue’s sensitivity in 
China. “My colleagues said, ‘Wow, these 
machines are the real thing, not toys.’” 

The same might be said of North Korea’s 
self-proclaimed “nuclear deterrent.” Last 
week, the nation conducted its third nuclear 
weapons test, detonating a bomb that packed 
a far more powerful punch than its previ- 
ous efforts. Speculation is swirling around 
whether Korea tested a plutonium device, 
as analysts presume it has done twice pre- 
viously, or a uranium bomb. A uranium 
weapon “would be a game-changer,” says 
Mark Hibbs, an analyst based in Berlin for 
the Carnegie Endowment for International 
Peace, because North Korea has ample 
deposits of the element and could build up 
an HEU stockpile for bombs or for sale. 
As Science went to press, hopes were fad- 
ing that nuclear sleuths would sample short- 
lived radioactive fission products venting 
from the underground test site and reveal the 
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nature of the bomb. 

Experts do not doubt that the latest test 
was the real McCoy, and that the nuclear rene- 
gade—North Korea dropped out of the Treaty 
on the Non-proliferation of Nuclear Weapons 
in 2003—is making strides toward a potent 
arsenal. The threat is limited until Korea 
acquires a sophisticated means to deliver a 
nuclear warhead to a target. But that may only 
be a matter of time. Last week, North Korea 
claimed that it had tested “a smaller and light 
A-bomb unlike the previous ones,” implying 
progress toward miniaturizing a warhead that 
could be put on a missile. 


Heralding North Korea’s latest nuclear 
handiwork was a magnitude-5.1 earthquake 
just before noon local time on 12 February 
in the northeastern corner of the country. The 
shallow tremor was centered in rugged hills 
where the first two nuclear tests were car- 
ried out in 2006 and 2009. On all three occa- 
sions, the seismic waves were consistent with 
an explosion: a burst of P-wave energy from 
compression and less shearing, or S-wave, 
energy than would be seen in a natural earth- 
quake (see graphic, below). 

North Korea’s 2006 test had an estimated 
yield of around | kiloton: a fizzle compared 
to bombs in modern arsenals. That might have 
raised suspicions that Korea had exploded a 
chemical bomb, rather than a nuclear charge, 
had sensors not detected the smoking gun of 
an underground test: xenon radioisotopes seep- 
ing from the site. Although the Comprehensive 
Nuclear-Test Ban Treaty (CTBT) has not come 
into force, a monitoring network is already 
in place to verify compliance. The network 
includes 32 stations for measuring gamma 
rays from four radioxenon isotopes—Xe-133, 
Xe-133m, Xe-131m, and Xe-135. The three 
stations closest to the test site are in Beijing; 
Takasaki, Japan; and Ussuriysk, Russia. 

The second test in 2009 released six times 
more energy than the first. Still, it was at best 
one-half as powerful as the bombs dropped 
on Japan at the end of World War II. “No 
other nuclear armed state spent so much 
time struggling with yield,” says Carnegie 


2013 M5.1 Nuclear Test (Top) and M5.0 Regional Earthquake (Bottom) 
Recorded at IRIS/USGS-Global Seismic Network Station in Mudanjiang, China 
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Apples and oranges. Seismic signals from the 12 February nuclear test 
and a similarly sized natural earthquake in the region are quite distinct. 
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arms control expert Li Bin. “That’s strange 
and indicates problems with their weapon 
design.” He notes that other nations reached 
10 to 20 kilotons on their first test. Estimates 
for last week’s explosion are all over the map, 
ranging from 6 to 40 kt. 

Although it’s implausible that the 2009 test 
was anything but nuclear, sensors 
failed to register radioxenon waft- 
ing from the test site. One hypoth- 
esis is that the explosion’s heat 
melted enough rock surround- 
ing the cavity to trap radioactive 
gases. Another possibility is that 
“the North Koreans sealed the 
explosion chamber better the second time,” 
says nuclear physicist Anders Ringbom, dep- 
uty research director at the Swedish Defence 
Research Agency in Stockholm. 

North Korea may have gotten lucky again. 
CTBT monitors have come up empty so far, 
and no reports have leaked of positive hits 
from a U.S. Air Force plane dispatched from 
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Japan to sample for noble gases. Time is run- 
ning out: Half-lives of the four radioxenon 
isotopes of interest range from 9 hours to 
12 days. Measuring radioxenon isotopic 
ratios as soon as possible after the test is criti- 
cal for identifying the fissile material: “There 
are different telltale signatures for HEU and 
plutonium devices,” Hecker says. 

The type of material used in last 
week’s test has huge implications. 
North Korea has enough pluto- 
nium for only four to eight bombs, 
Hecker estimates. The plutonium 
was extracted from spent uranium 
fuel rods from a Yongbyon reactor 
whose cooling tower was demolished in 2008. 
It would take years to restart the reactor and 
reprocess more spent fuel, meaning that North 
Korea has a finite plutonium supply for the 
foreseeable future. But it could ramp up HEU 
production, unseen, by dispersing centrifuges 
to easily hidden warehouses. 

As scientists grapple with the uncertain- 


ties, diplomats are struggling over a response. 
All eyes are on China, which expressed pique 
over the test but has resisted measures that 
could undermine the North Korean regime. 
This time around, China may feel compelled 
to take a tougher line to maintain the balance 
of power in Northeast Asia. It’s in a tense 
standoff with Japan over disputed islands; 
Japan’s conservative government could use 
the Korean test as another reason to up its 
defense spending. And South Korea and the 
United States are negotiating a nuclear coop- 
eration agreement that will succeed an accord 
due to expire in March 2014. The United 
States has so far resisted the South’s demands 
to be allowed, like Japan, to reprocess spent 
fuel from its power reactors. North Korea’s 
latest blast—and China’s response—could 
test U.S. resolve in deterring South Korea 
from separating out plutonium. Adding every- 
thing up, Hibbs says, “we’re moving in a very 
dangerous direction.” 

-RICHARD STONE 


Congress Tries Again to Head Off Looming Helium Crisis 


For the second time in 8 months, a bill has 
been introduced in Congress that would pre- 
vent an acute but wholly self-inflicted short- 
age of helium from striking later this year. 
The shortage would hamstring research in a 
variety of fields. “Unless Congress takes swift 
action, the U.S. will float off the helium cliff,’ 
said Representative Doc Hastings (R—-WA), 
chair of the House of Representatives Natural 
Resources Committee and co-sponsor of the 
bipartisan bill, during a hearing this week. 
Here’s the problem. Since 1996, the U.S. 
government has been selling off its vast 
reserve of helium, a legacy of the Cold War, 
which is held in an underground reservoir 
near Amarillo, Texas. Those sales supply 42% 
of the crude helium consumed in the United 
States and 35% of the crude helium con- 
sumed globally. But by law, they will continue 
only until the Bureau of Land Management 
(BLM), which controls the reserve, recoups 
the $1.4 billion cost of developing the reserve. 
BLM will reach that break-even point by the 
end of this fiscal year, 30 September. At that 
point, BLM will have no authority to sell the 
remaining helium unless Congress acts. 
Helium is a byproduct of natural gas pro- 
duction, although only some gas wells pro- 
duce helium at high enough concentrations to 
make it worth capturing. Much helium is lost 
at the wellhead. So even with the BLM reserve 
pumping, helium is in short supply, says 


Samuel Aronson, former director of 
Brookhaven National Laboratory in Upton, 
New York, and vice president of the American 
Physical Society. “A number of the national 
labs are now receiving about two-thirds of 
their allocations of helium,” he testified. 
Helium has myriad uses. The only ele- 


Laboratories around the world 
depend on helium refrigerators like this one (blue). 


Ubiquitous. 


ment that remains a liquid at absolute zero, 
it cools the superconducting magnets in MRI 
machines and particle accelerators such as 
Europe’s Large Hadron Collider. Many con- 
densed matter physicists rely on liquid helium 
as a coolant, and helium balloons take experi- 
ments aloft. The gas is essential for producing 
microchips and optical fibers. 

Handwringing over the helium supply is 
nothing new. In 1996, Congress instructed 


BLM to sell off the reserve at a steady rate by 
2015 and at a price set to recover the reserve’s 
debt. BLM’s price started out above the mar- 
ket price for refined helium but by 2010 had 
sunk below it, and a report by the National 
Academies found that BLM’s sales were sup- 
pressing the price of helium. The report rec- 
ommended BLM charge a market price, draw 
the helium out in a way that would maximize 
recovery, and protect supply for federal users 
including researchers. 

The new bill addresses those concerns. 
It would continue current sales for another 
year and then, in a second phase lasting until 
about 2020, sell the helium through biannual 
auctions. Finally, when 85 billion cubic liters 
of gas were left—less than a tenth of the orig- 
inal reserve—the bill would allow sales only 
to federal users, including research grant 
holders. A largely identical Senate bill that 
would have set prices by polling vendors’ 
rates for helium instead of by auction died in 
committee last year. 

Even if the bill becomes law, the helium 
reserve will be gone within roughly 15 years. 
Rush Holt (D-NJ), a physicist by training, 
wondered whether the government should 
keep a reserve for unforeseen uses. “I’m really 
concerned that some critical [future] uses will 
face short supply because we didn’t think of 
them,” he said. No other legislator expressed 
support for that idea. -ADRIAN CHO 
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Warning Issued for Looming Data Gap 
From Fleet of Weather Satellites 


U.S. policymakers are becoming increas- 
ingly alarmed about a looming gap in criti- 
cal weather forecasting data collected by the 
nation’s satellites. 

Last week, the Government Accountabil- 
ity Office (GAO), Congress’s watchdog arm, 
added the data gap to a short list of “high risk” 
issues that deserve special attention. In antici- 
pation, some lawmakers last month quietly set 
aside $111 million to help close the gap as part 
of a $50 billion aid package for areas hit hard 
last fall by Superstorm Sandy. But some sci- 
entists and others are worried about how those 
funds will be used. 

The flurry of activity highlights a grow- 
ing sense “that there is 
going to be a gap, and it 
could be serious,” says 
analyst David Powner 
of GAO. The report 
estimates that the break 
in the data could extend 
for 17 to 53 months, 
and begin as soon as 
late 2014 under a worst- 
case scenario. “We’ve 
been warning about it 
for years,” he says, “and 
now it’s happening.” 

The gap is the prod- 
uct of a messy, nearly 20-year-old effort to 
improve the nation’s fleet of polar-orbiting sat- 
ellites, which provide the majority of the data 
used to develop weather forecasts extending 
out 3 to 10 days. Bristling with instruments 
that measure things like cloud cover and atmo- 
spheric moisture levels, these spacecraft circle 
from pole to pole some 14 times a day at a dis- 
tance of 870 km above Earth’s surface. The 
orbit enables sensors to “see” Earth’s entire 
surface twice daily. Forecasters draw measure- 
ments from four primary polar orbiters—three 
American and one European—that cross the 
equator at different times of day, meaning their 
data is typically no more than 6 hours old. 

Historically, two agencies—the Depart- 
ment of Defense and the National Oceanic 
and Atmospheric Administration (NOAA)— 
have operated the U.S. orbiters with help 
from NASA. In 1994, however, White House 
officials tried to reduce duplication and 
lower costs by creating a single program that 
would build and operate new orbiters. That 
joint arrangement collapsed in 2010, how- 
ever, after years of mismanagement, techni- 
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cal problems, and cost overruns. 

The responsibility has now fallen largely 
on NOAA. The agency’s $12.9 billion pro- 
gram, known as the Joint Polar Satellite Sys- 
tem (JPSS), includes three major orbiters. 
The first—named after pioneering Ameri- 
can meteorologist Verner Suomi, who died in 
1995—was launched in 2011 and is expected 
to last until late 2016. But Suomi’s replace- 
ment, known as JPSS-1, isn’t expected to be 
fully operating until early 2018. That leaves a 
gap of 17 months, analysts say—or longer if 
Suomi falters or JPSS-1 is delayed. 

Suomi’s orbit takes it over the equator in 
the early afternoons, and the loss of that data 


How Yawning a Gap? 
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Blind spot. Weather forecasters are facing a 17-month gap in data collected by U.S. polar-orbiting 
satellites. The gap could be as long as 53 months if the Soumi satellite fails early (left) or the JPSS-1 
orbiter (right) is delayed. 


will “result in less accurate and timely weather 
forecasts and warnings” of potentially life- 
threatening “extreme events” such as hurri- 
canes, GAO warned. Some scientists believe 
the afternoon data played a critical role in pre- 
dicting the unusual path 
of Superstorm Sandy last 
fall and the severity of the 
2010 “Snowmageddon 
blizzard that buried the 
eastern United States. 
There’s no simple way 
to fill the gap, say NOAA 
officials, who in the last 
few months have ramped 
up efforts to develop a 
strategy. The agency has 
started a Web site (www. 
osd.noaa.gov), for example, featuring more 
than 100 ideas that it has received from the 
public. The proposals include extending the 
life of instruments currently in orbit, flying 
temporary sensors on relatively inexpensive 
platforms such as balloons, aircraft or fleets 
of microsatellites, and buying substitute data 
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from foreign governments. NOAA already has 
some data-sharing agreements with Europe, 
but officials say that expanding the approach 
could require new diplomatic and security 
agreements, and possibly expensive technical 
changes to ground stations and software. 

Although NOAA has yet to announce 
a plan or a price tag for closing the gap, in 
late January it received $111 million in the 
Sandy relief bill to establish a “data miti- 
gation gap reserve fund.” Legislators didn’t 
specify how NOAA should use the money, 
however, and the past management problems 
have raised “some concern about throwing 
good money after bad,” says Kevin Wheeler, 
vice president of the Consortium for Ocean 
Leadership, a nonprofit science group based 
in Washington, D.C. 

On 7 February, the consortium and the 
University Corporation for Atmospheric 
Research wrote to NOAA and members of 
Congress suggesting 
that the U.S. National 
Academy of Sciences, 
“or some other external 
oversight entity,” help 
the agency develop a 
viable plan. The two 
groups also urged sup- 
port for COSMIC-2, a 
U.S.-Taiwanese plan to 
launch a constellation 
of 12 tiny satellites that 
would harness GPS 
signals to collect atmo- 
spheric data. 

NOAA may be facing other data gaps, 
GAO warns. Two U.S. military satellites 
scheduled to replace current polar orbiters 
in the next few years were built in the 1990s 
and may not operate as long as expected. 
Europe is also facing 
challenges in replacing 
its spacecraft. Those 
problems could punch 
holes in early- and mid- 
morning data streams. 

In 2015, accord- 
ing to GAO, NOAA 
could also experience 
a l-year gap in data 
provided by two geo- 
stationary satellites 
that sit at fixed points 
over the United States. The agency typically 
flies three of these craft simultaneously, two 
active and a backup. But any launch delay 
could mean a backup won’t be available if 
one of the active craft conks out, as has hap- 
pened twice since 2008. 

-DAVID MALAKOFF 
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How Sweet lit Is: Genes Show How 
Bacteria Colonized Human Teeth 


When humans invented farming 10,000 years 
ago, they weren’t the only ones to get a boost 
from the new starchy diet. Some microbes 
that had lurked at low levels in the mouths of 
hunter-gatherers bloomed on the sugary films 
coating the teeth of farmers who munched 
cereal grains. Eventually the cavity-causing 
Streptococcus mutans, for one, took root. It 
adapted to the sweet life, multiplying like a 
weed and edging out many other species of 


Quite a mouthful. Starchy diets 
left plenty of tartar in medieval 
English mouths, including a rind 
around a tooth (below), and a chunk 
so big it was used as a chewing sur- 
face (grayish mass, above). The tar- 


tar trapped bacteria such as this cal- 
cified colony (right). 


bacteria. That leaves the modern mouth a 
depauperate ecosystem, according to two 
new genetic studies. 

The papers come at the problem from two 
completely different angles: One team ana- 
lyzed DNA from tartar on ancient teeth, not- 
ing changes in the mix of bacterial strains over 


time. The other zeroed in on the genome of S. 
mutans taken from the mouths of living people, 
tracking the genetic changes that allowed the 
bacterium to thrive in sweet, acidic conditions. 
Taken together, the papers show how cavity- 
causing bacteria underwent a dramatic popula- 
tion explosion, perhaps about the time humans 
began to cultivate plants 10,000 years ago. 

“This is the first record of how we’ve 
upset the bacterial system in the mouth,” 
over thousands of years, 
says molecular evolution- 
ist Alan Cooper of the 
University of Adelaide 
in Australia, lead author 
of a report published this 
week in Nature Genet- 
ics. “The modern mouth 
is like a landscape nuked 
with a herbicide, with 
invasive weeds jumping 
into vacant niches.” 

That “herbicide” was 
starchy sugars, and the 
“weeds” were sugar- 
loving S. mutans and other 
bacteria, which are asso- 
ciated with diseases such 
as dental cavities, dia- 
betes, and cardiovascu- 
lar disorders. Fossils of 
humans show surges in 
cavities and gum disease 
during the transition to 
agriculture and the Indus- 
trial Revolution (Science, 
25 May 2012, p. 973). But 
the new papers are the first 
to examine genetic change 
in the bacteria themselves. 

Back in the 1980s, 
bioarchaeologist Keith 
Dobney of the Univer- 
sity of Aberdeen in the 
United Kingdom realized 
that fossil teeth harbor a 
“chemical soup” of bac- 
teria and organic matter 
trapped inside the tartar, a scaly calcium car- 
bonate deposit. You can actually see the bac- 
teria under a scanning electron microscope, 
says Dobney, co-author of the Nature Genet- 
ics paper. But Dobney and Cooper’s early 
efforts to extract bacterial DNA were sty- 
mied because there was no way to tell con- 


taminant DNA in the lab from target DNA. 

Then, new DNA sequencing methods 
provided higher resolution sequences, allow- 
ing the researchers to differentiate between 
ancient bacterial DNA in the plaque and both 
environmental and laboratory contamination 
by modern strains. The high resolution also 
allowed Cooper, Dobney, and colleagues to 
detect the percentage of different species 
of bacteria within each tartar deposit. The 
team extracted and sequenced DNA from the 
teeth of 34 prehistoric human skeletons from 
Northern Europe, dated from about 7500 
years ago to 400 years ago, including the last 
hunter-gatherers known in Poland and the 
first farmers found in Germany. 

With these data, they charted the spectrum 
of bacterial species within the human mouth 
over the past 7500 years. Hunter-gatherers 
had fewer species that cause cavities and peri- 
odontal disease, and different percentages of 
all 15 phyla of bacteria found in modern teeth, 
plus some unclassified bacteria. Early farmers 
showed a sharp increase in bacteria that cause 
tooth decay, such as a Veillonellaceae strain, 
and a dramatic surge in Porphyromonas gingi- 
valis, which causes periodontal disease. 

The first significant sample of S. mutans 
turned up around 4300 years ago in the 
Bronze Age in Yorkshire, U.K. Overall bac- 
terial diversity, including higher levels of 
S. mutans and P. gingivalis, seemed to sta- 
bilize through the Bronze Age and medieval 
period. Then, sometime in the past 400 years, 
the diversity of bacteria within each tooth 
dropped sharply once again. Modern sam- 
ples and preliminary data from the mid-19th 
century show an oral environment even more 
dominated by S. mutans. Cooper concludes 
that the change occurred with the Industrial 
Revolution, about 1850 in England, when 
cavities also increased and refined sugars 
entered the diet. “Sugar and flour caused 
everything to go berserk,” he says. 

While Cooper and his colleagues were 
probing the entire bacterial soup in ancient 
teeth, another international team focused 
on S. mutans alone, using DNA from mod- 
ern mouths and working back in time. Omar 
Cornejo, a postdoc at Stanford University in 
Palo Alto, California, sequenced the genomes 
of strains of S. mutans from the mouths of 57 
people around the world. Working with Stan- 
ford population geneticist Carlos Bustamante, 
Cornejo analyzed the distribution of variation 
in the S. mutans genome among individuals. 
Then he used population genetics models to 
calculate how long it would take a growing 
population to generate this amount of diver- 
sity. His calculations have very wide mar- 
gins of error, but suggest that the S. mutans 
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“population started expanding exponentially 
... 10,000 years ago,” which coincides with 
the start of agriculture in the Near East, the 
team reports in a paper available online that 
will appear in the April issue of Molecular 
Biology and Evolution. 

Cornejo and his colleagues also tracked 
which genes changed over time. Out of 
1490 genes in S. mutans, they identified 
14 under positive selection that are thought 
to be involved in sugar metabolism or acid 
tolerance. Among 73 genes present in 
S. mutans but absent in other bacterial species, 
most “seem to be involved in sugar metabo- 
lism and resistance to low pH and oxidative 
stress,” Cornejo writes in an e-mail. That 
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would have helped S. mutans adapt to “its new 
niche, the human mouth,” as it became rich in 
starchy sugars. 

Taken together, the two papers make a 
strong case that the oral bacterial commu- 
nity shifted dramatically with the change 
in diet associated with agriculture. “I find 
their date of expansion of about 10,000 years 
very believable,” says population geneticist 
Francois Balloux of University College 
London who was not part of either study. 

The papers don’t agree on all points— 
Cooper’s team doesn’t detect S. mutans in 
Europe until about 4300 years ago, which 
is later than the start of agriculture. But that 
could be the result of sampling too few teeth, 
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Cooper says. Cooper also thinks the shift 
in the Industrial Revolution, which doesn’t 
appear in Cornejo’s study, might be the most 
dramatic change. Other researchers add that 
both teams must address issues such as how 
toothbrushes, fluoride, and antibiotics are 
affecting bacterial population dynamics. 

But it is early days for this work, and 
researchers have big plans. Dobney says: “If 
we can mine pathogens and microbes from 
dental calculus, there’s information relevant 
to a whole boatload of questions about ill- 
nesses that started when we began domes- 
ticating animals, and modern conditions 
like diabetes. We’re right at the beginning 
of this.” -ANN GIBBONS 


International Arbiter of Animal Names Faces Financial Woes 


A rose by any other name might still smell 
as sweet, but an animal with two scientific 
monikers can wreak havoc for researchers 
trying to study it. Since 1895, the Interna- 
tional Commission on Zoological Nomen- 
clature (ICZN) has helped ensure animal 
names are unique and long-lasting, with 
a panel of volunteer commissioners who 
maintain naming rules and resolve conflicts 
when they arise. But the U.K.-based chari- 
table trust that supports all this is slated to 
run out of money before the year’s end—and 
that could spell trouble. “If the trust 
ceases to exist it will be very dif- 
ficult for the commissioners to do 
their work,” says Michael Dixon, 
chair of the trust’s board and direc- 
tor of the Natural History Museum 
in London. If ICZN disappeared “‘it 
would be something akin to anar- 
chy in animal naming.” 

Knowing the right name for 
each species is critical for bio- 
logical research. The ICZN code, 
which provides guidance for nam- 
ing new species and resolving con- 
flicts about older ones, is updated 
periodically. In 2012, for exam- 
ple, after 4 years of debate, ICZN 
decided to allow species to be 
named in electronic publications as well as 
in printed journals. Species-naming records 
date back centuries, and the concern was that 
electronic media might not last that long. The 
commissioners make 30 to 50 judgments a 
year, some with far-reaching consequences, 
and the zoological community pays heed. 

“Names have to be universal and stable,” 
explains Jonathan Coddington, associate 


director for science at the Smithsonian Insti- 
tution National Museum of Natural History 
in Washington, D.C. There is constant ten- 
sion, however, between keeping names the 
same and adjusting them according to new 
scientific evidence. Consider the popular 
lab insect, Drosophila melanogaster, which 
some taxonomists want to assign to a new 
genus because this fruit fly is but a distant 
relative to some other Drosophila. The com- 
mission will likely have a hand in the ulti- 
mate fate of this name. 


Name change? The future 
of the commission that 


might help decide the fate 
of this fruit fly’s name is 
up in the air. 


The nonprofit organization that formed 
in 1947 to raise funds and administer the 
ICZN code and the journal—the Interna- 
tional Trust for Zoological Nomenclature— 
has weathered other crises. But net income 
from its journal is only about $47,000 a 
year, and the trust’s annual expenses now 
top $155,000. So reserves are about to be 
exhausted, Dixon says. 


A few weeks ago, he sent an e-mail plea 
to directors of natural history museums 
around the world for emergency relief. In it, 
he proposed establishing a committee that 
would come up with a new financial model 
for the troubled organization. “This is not 
unlike GenBank,” the database of genome 
sequences that receives government sup- 
port, Coddington says. “It’s the same distrib- 
uted goods [situation], that everyone needs 
and nobody wants to pay for.” 

Botanists, phycologists, and mycolo- 
gists have for 100 years followed 
an all-volunteer model. Proposed 
changes to the botanical code are 
discussed en masse every 6 years 
at the International Botanical Con- 
gress, and disputes are resolved 
by volunteer subcommittees. But 
Dixon says such a model would be 
tough for zoologists because they 
don’t have an equivalent meeting 
that’s well attended. 

Dixon estimates the trust 
needs $78,000 or more to make it 
through the year. No single orga- 
nization may be able to fund it 
long-term, but a network of 10 or 
20 institutions might be able to kick 
in enough to sustain it, he says. 

If support is not forthcoming and ICZN 
falters, not much would change at first, sci- 
entists say. But “communication barriers 
would start to evolve” over time as names 
ceased to be systematically assigned and 
used, says Richard Pyle, a commissioner 
based at the Bishop Museum in Honolulu. 
“And that would be tragic.” 

—-ELIZABETH PENNISI 
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Reversal of Misfortunes 


South Africa has the world's worst HIV/TB syndemic; 
now it’s trying to overhaul its response to both diseases 


KWAZULU-NATAL PROVINCE, SOUTH 
AFRICA—On 4 April 2012, an 11-year-old 
boy named Sandile left his family in Ulundi 
and traveled 250 kilometers south to his new 
home at King George V, a hospital in Durban 
that specializes in the region’s most compli- 
cated tuberculosis (TB) cases. Like 69% of 
the other 224 patients at King George V, Sand- 
ile was co-infected with HIV, which in all like- 
lihood he acquired from his mother. Records 
that came with him indicated that she had 
died, but they did not specify the cause. 

Sandile had received a full 6-month 
course of treatment for TB in 2009. But 
HIV-infected people remain especially vul- 
nerable to Mycobacterium tuberculosis, 
and a few years later, he again developed 
an active case of the lung-damaging dis- 
ease. The doctors here surmise that he didn’t 
receive his medication each day during his 
second bout, allowing drug-resistant strains 
of M. tuberculosis to flourish. With drug- 
resistant TB, his treatment at King George 
V would require 18 months of costlier, less 
effective, and more toxic “second-line” pills 
plus painful daily shots of medication for at 
least 1 year. 

Multidrug-resistant (MDR) TB destroyed 
Sandile’s left lung and badly damaged his 


right one. In September, Sandile was healthy 
enough to play outside, but Babu Sunkari, 
the pediatrician in charge of the children’s 
ward, warned that Sandile had nearly died 
the month before: He had a severe respira- 
tory attack and kidney failure, probably from 
a combination of TB drug side effects and an 
infection he picked up at the hospital, further 
compounded by his HIV infection. 

Sandile urgently needed a lung transplant, 
Sunkari said, yet, like most South Africans 
without means—which is almost everyone 
infected with TB here—there was no trans- 
plant in the offing. “He doesn’t have a hope 
in hell of surviving,” Sunkari said. 

Sunkari said he was seeing more and 
more of these sad cases. Sandile was one 
of 32 children on the pediatric ward at King 
George V last September who had MDR or 
the even more frightening extensively drug- 
resistant (XDR) TB. “This used to be the 
normal TB hospital, with one to two cases of 
MDR,” Sunkari said. “Now we’re not taking 
normal cases in the ward.” 

Children like Sandile “mirror what is 
happening in the community,” says Nesri 
Padayatchi, who ran the TB program at King 
George V for 14 years until leaving to do 
clinical HIV/TB research at Durban’s Cen- 


tre for the AIDS Programme of Research in 
South Africa (CAPRISA). 

South Africa has the world’s worst conver- 
gence of HIV and TB. It has 5.7 million HIV- 
infected people, more than any country; the 
highest rate of TB per capita; and, after Russia, 
the second highest reported number of MDR 
TB cases. The big picture is that South Africa 
has less than 1% of the global population but 
more than 25% of people dually infected with 
these diseases—a particularly deadly combi- 
nation. This alarming rise in coinfection has 
been dubbed the HIV/TB syndemic, because, 
for both biological and social reasons such 
as poverty, the two diseases have synergistic 
effects, with each making the other worse. 

South Africa’s HIV/TB syndemic has its 
roots in a badly broken health system and 
years of neglect. For TB, a cure has existed 
for decades, but many sick people in South 
Africa remain undiagnosed, and those who 
receive treatment often fail to take their drugs 
as prescribed, which in turn gives rise to drug- 
resistant strains. “The reason we have so much 
MDR and XDR TB here is because imple- 
mentation of our TB program has sucked,” 
Padayatchi says. 

HIV infection cannot be cured, but drugs 
can effectively thwart disease for decades 
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Double jeopardy. Babu Sunkari shows the lungs 
of his young patient Sandile, who was infected with 
both HIV and M. tuberculosis. 


and also slow the spread of the virus. But 
from 1999 to 2008, as the AIDS epidemic 
exploded in the country, then—South 
African President Thabo Mbeki and his 
health minister—who for many years 
questioned whether HIV even caused 
the disease—dragged their feet when it 
came to both treatment and prevention. 

Now, with President Jacob Zuma 
at the helm and a new health minister 
in place, South Africa has made a dra- 
matic turnaround and is at the forefront 
of efforts to combat these married dis- 
eases. “We’re trying to integrate HIV/ 
AIDS and TB, to regard them as two 
sides of the same coin,” says Minister 
of Health Aaron Motsoaledi, who Zuma 
appointed when he took office in 2009. 
And to that end, the government has 
allocated more of its own money and 
attracted substantial international sup- 
port to find everyone who needs drugs 
for HIV and TB, better coordinate their 
treatment, improve prevention efforts, 
and ramp up research to figure out how 
the diseases interact. 

But South Africa still has a long way 
to go, and progress often occurs more 
slowly than anyone would like. 


HIV and TB’s disastrous marriage 

In the mid-1990s, South Africa followed 
the lead of many other countries and intro- 
duced what’s known as DOTS—directly 
observed therapy, short course—to com- 
bat tuberculosis. DOTS used new drugs 
that led to cures more quickly, and as part 
of the program, observers watched peo- 
ple swallow their pills each day to make 
sure they took all of their doses. But just 
as TB rates began to decline, HIV infec- 
tions skyrocketed, and by the turn of the 
century, the two diseases were climbing 
in parallel (see graph, p. 900). 

Salim Abdool Karim, a clinical epi- 
demiologist who heads CAPRISA, 
helped launch the DOTS program in 
Hlabisa, a rural municipality not far 
from Ulundi. At the time, he says, TB 
mainly afflicted elderly men. “In the mid 
’90s, a couple of things hit us in a way 
that we just couldn’t grasp—overnight 
it caught up with us,” Karim says. Suddenly, 
the TB patients were predominantly young 
and female, a reflection of the fact that the 
AIDS virus was racing through that popu- 
lation. “All our previous efforts to improve 


www.sciencemag.org SCIENCE VOL339 22 FEBRUARY 2013 


TB control were overwhelmed,” he says. 
Pre-HIV/AIDS, South Africa’s DOTS 
program—which certainly had operational 
challenges—made the headway that it did 
because intact immune systems help con- 
tain both illness and spread. M. tuberculosis 


Good news, bad news. Bonnie Davis (top) says a new diagnostic, 
GeneXpert, saved the life of this MDR TB patient at Hlabisa Hospi- 
tal. Davis's colleague, Tshipuk Martin (bottom), says the wards are 
full because many patients don’t adhere to treatments. 


infects one-third of the world’s population, 
but it remains latent in most, typically caus- 
ing disease only when HIV or other factors 
compromise the immune system; 90% of 
people who have latent TB infections never 
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develop active disease in their lifetime. But 
HIV drastically alters that equation. A person 
with a latent TB infection who then becomes 
infected with HIV has a 10% chance of devel- 
oping an active case of TB each year. HIV 
and TB interact in a vicious cycle. HIV com- 
promises the immune system, which 
allows M. tuberculosis to copy itself at 
higher rates. M. tuberculosis, in turn, 
triggers inflammatory responses and 
the secretion of transcription factors 
that directly activate HIV genes. More 
HIV means more immune destruction 
—and still more opportunities for M7. 
tuberculosis to flourish. A compro- 
mised immune system has difficulty 
containing the infection to the lungs, 
which means the disease can travel 
around the body, damaging the brain, 
the spine, or joints. Diagnosing TB in 
HIV-infected people is also trickier, so 
they often do not receive treatment and 
spread the infection to others. World- 
wide, TB is now the leading cause of 
death in HIV-infected people. 

Joel Ernst, director of infectious 
diseases at New York University in 
New York City, says these two bugs 
likely aid and abet each other by sev- 
eral other mechanisms that scien- 
tists have yet to elucidate. “There is 
so much we don’t know about HIV/ 
TB interactions,” says Ernst, co- 
author of “HIV and Tuberculosis: 
a Deadly Human Syndemic” in the 
April 2011 issue of Clinical Microbi- 
ology Reviews. “I can’t think of a bet- 
ter syndemic—or a worse one—than 
HIV/TB.” 

The Mbeki administration fueled 
the syndemic with its pronounced 
skepticism about the link between 
HIV and AIDS and its reluctance to 
introduce antiretrovirals (ARVs). To 
the astonishment of the medical com- 
munity inside and outside the coun- 
try, Mbeki’s health minister, Manto 
Tshabalala-Msimang, went so far as 
to advocate treatments such as lemons, 
beetroot, and garlic instead of promot- 
ing ARV drugs. “It was very clear that 
our response to the HIV pandemic in 
the beginning was the wrong one,” says 
current Health Minister Motsoaledi 
(see Q&A, p. 902). 

HIV prevalence in South Africa 
nearly doubled between 1998 and today, and 
many people needlessly died from AIDS. A 
study done by a team at the Harvard School of 
Public Health and published in the 1 Decem- 
ber 2008 Journal of Acquired Immune Defi- 
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ciency Syndromes calculated that 330,000 
lives could have been saved between 2000 and 
2005 had Mbeki’s administration launched a 
“feasible” ARV program. TB cases tripled dur- 
ing Mbeki’s time in office, and in 2010, nearly 
half a million South 
Africans developed 
active cases—only 
China and India had 
a higher incidence— 
and 60% of them 
had HIV. 

A decade ago, 
South Africa, like 
many other coun- 
tries, did little sys- 
tematic testing for 
MDR_ TB—which 
is more difficult 
to diagnose than 
drug-susceptible 
TB. A 2004 World 
Health Organization 
(WHO) report cited 
only two provinces 
that had repeatedly surveyed their popula- 
tions for MDR TB, and the trends suggested 
that cases were relatively stable. But then in 
2006, news of the world’s first outbreak of 
XDR TB in KwaZulu-Natal—S3 cases at the 
same hospital in Tugela Ferry—made clear 
that the mix of HIV and drug-resistant TB in 
South Africa had hit a flash point (Science, 
15 February 2008, p. 894). 

Patients with XDR TB don’t respond to 
the first-line drugs or 
several second-line 
treatments. Cases 
of XDR TB had 
been reported else- 
where before the 
Tugela Ferry outbreak 
occurred: Between 
2000 and 2004, pub- 
lic health officials 
had documented 347 
sporadic cases world- 
wide. But no one had 
seen a cluster of cases, 
which indicated that 
an extremely difficult 
to treat strain of M. tuberculosis was likely 
spreading quickly from person to person. 
As researchers described at the 2006 Inter- 
national AIDS conference, of the 53 people 
who had XDR strains at Church of Scotland 
Hospital in Tugela Ferry, 52 died a median 
of 16 days after being diagnosed with TB. 
Although HIV status was not known for nine 
of the patients, everyone else was infected 
with the virus. 
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The Tugela Ferry outbreak set off alarm 
bells globally, sparking fears of a pandemic 
of XDR TB and intensifying attempts to find 
other cases. Last year, WHO said 84 coun- 
tries had reported cases of similarly difficult 
to treat M. tubercu- 
losis strains; it also 
estimated that of the 
world’s 650,000 or 
so cases of MDR TB, 
9% were XDR TB. 

Within South 
Africa, the Tugela 
Ferry outbreak led 
to extensive studies 
to determine why it 
happened and what 
relation it had to HIV. 
As it turns out, XDR 
TB had been bub- 
bling beneath the 
surface in KwaZulu- 
Natal for several 
years, driven by a 
sharp increase in 
MDR TB cases that had gone unnoticed. 
A team led by epidemiologist Kristina 
Wallengren of the KwaZulu-Natal Research 
Institute for Tuberculosis and HIV (K-RITH) 
in Durban reviewed laboratory records for all 
TB patients who had their M. tuberculosis 
analyzed for drug resistance. In the October 
2011 issue of Emerging Infectious Diseases, 
the team reported that between 2001 and 
2007, MDR TB cases jumped from 216 to 


The Syndemic’s Rise 
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Feeding the fire. The rise in HIV infections fueled South Africa’s explosion of TB cases. 


2799, and XDR cases had a startling 45-fold 
increase from six to 270. 

Several of the researchers who first 
described the Tugela Ferry outbreak pub- 
lished compelling evidence in the 1 January 
issue of The Journal of Infectious Diseases 
that most people became infected with XDR 
TB at the Church of Scotland Hospital. The 
researchers looked at 148 people—a larger 
group than the one originally described in 
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the outbreak—who had XDR TB between 
January 2005 and December 2006. Genetic 
analyses of the M. tuberculosis isolates from 
the patients showed that all but 4% closely 
matched each other, and 82% of the people 
had overlapping hospital stays at Church 
of Scotland. Although 98% of the patients 
were HIV-infected, only 31% of them were 
receiving anti-HIV drugs. All had extremely 
low levels of CD4 white blood cells, leaving 
them vulnerable to TB. 

The study concluded that the Tugela 
Ferry outbreak resulted from a combination 
of long hospital stays, poor infection control, 
delays in the diagnosis of TB drug resistance, 
and HIV infection. Although the feared pan- 
demic never materialized, the Tugela Ferry 
outbreak will go down in history for prod- 
ding the world to realize that XDR TB had 
made more inroads across the globe than 
anyone had imagined. And in South Africa, 
it also sent a loud message to the country that 
the response to its HIV/TB syndemic needed 
a serious overhaul. 


Extraordinary measures 

On | December 2009, World AIDS Day, Pres- 
ident Zuma announced sweeping reforms that 
aimed to prevent and treat infections with both 
HIV and M. tuberculosis more effectively. 
“We need extraordinary measures to reverse 
the trends we are seeing in the health profile of 
our people,” Zuma declared. 

As Zuma spelled out, the health minis- 
try would launch a “massive campaign” to 
test 15 million South 
Africans for HIV. 
ARVs, until then still 
restricted to people 
who had severely dam- 
aged immune systems, 
would become avail- 
able to HIV-infected 
people with TB much 
earlier in the course of 
the disease. “TB and 
HIV/AIDS will now 
be treated under one 
roof,” he promised. 
Zuma also decided 
to make ARVs avail- 
able to all HIV-infected, pregnant women 
and children under a year of age, regardless 
of their health status. Fifteen months later, 
on 24 March 2011—World TB Day— 
Motsoaledi unveiled a new, equally ambi- 
tious, two-pronged approach to diagnosing 
active cases of tuberculosis. First, the gov- 
ernment would ramp up efforts to test the 
407,000 families that had a relative with an 
active case of TB. The second prong called 
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for a countrywide deployment of a new 
machine called GeneXpert, which prom- 
ised to revolutionize the ability to find active 
TB cases. 

The most common TB diagnostic is a 
sputum “smear” test for M. tuberculosis 
that relies on microscopy; it detects only 
60% of active cases and that drops to as low 
as 35% in HIV-infected patients. Culturing 
the sputum samples gives the most accu- 
rate results, but these tests can take weeks. 
Drug-sensitivity tests require still more time 
and costs. GeneXpert, which uses PCR to 
amplify and detect specific M. tuberculosis 


sequences, in contrast provides a highly accu- 
rate diagnosis within 2 hours, and can also 
detect MDR TB. Although GeneXpert is 
more expensive than sputum smears or cul- 
turing, studies suggest that it will save money 
in the long run by reducing transmission. 

A review article in the 8 December 2012 
issue of The Lancet, “Health in South Africa: 
changes and challenges since 2009,” shows 
how these “radical policy changes” have 
already produced results. Co-authored by 
CAPRISA head Karim and several other 
leading South African researchers, the arti- 
cle notes that government funding for TB 
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and HIV/AIDS nearly doubled between 
2009-10 and 2010—11.The mass HIV-testing 
campaign still under way had reached 
13 million South Africans by June 2011, up 
from 2 million. The country quickly devel- 
oped the largest GeneXpert TB program in 
the world, performing nearly half a million 
tests by July 2012. Since April 2010, South 
Africa has doubled the number of people 
on ARVs to nearly 2 million, more than any 
other country. And nearly 400,000 HIV- 
infected people who have latent M. tubercu- 
losis infections take isoniazid, a first-line TB 
drug that works as a preventive. 


Treatment as Prevention, Real World 


KWAZULU-NATAL PROVINCE, SOUTH AFRICA—In the summer of 
2011, researchers for the first time began seriously discussing the pos- 
sibility of ending the AIDS epidemic in certain locales. The catalyst for 
what to many would have seemed like wild-eyed optimism a year earlier 
was a remarkable finding about the power of antiretroviral (ARV) drugs: 
If HIV-infected heterosexuals 
take their ARVs as prescribed, 
levels of HIV in their bod- 
ies fall so low that it reduces 
the chance of transmission 
to their long-term partners 
by 96%. Published in the 
11 August 2011 issue of The 
New England Journal of Medi- 
cine, the study definitively 
proved that treatment is pre- 
vention. But it had one major 
weakness: It wasn’t “real 
world,” as study participants 
rigorously adhered to the reg- 
imen, taking their medication 
as directed, which knocked 
down the virus in their blood 
to undetectable levels for 
several years. The cohabiting 
couples in the study were also 
more stable than seen in many 
sub-Saharan communities. 

Now on page 966, a new 
study shows that widespread 
ARV use reduced the spread 
of HIV in a large population here in KwaZulu-Natal, which has one of the 
world’s most severe HIV/AIDS epidemics—and is as real world as it gets. 
“We were super excited when we first saw the data because the results 
were so striking,” says epidemiologist Frank Tanser at the Africa Centre for 
Health and Population Studies in Somkhele who led the study. 

Hlabisa, a subdistrict in KwaZulu-Natal, provided an ideal testing 
ground for a community-level assessment of treatment as prevention. In 
2003, the Africa Centre began a population-based survey in Hlabisa of HIV 
status, sexual behavior, and socioeconomic factors of residents aged 15 and 
older. The researchers initially hoped their door-to-door survey would help 
them understand the impact of the HIV/AIDS epidemic in the region and its 


demographic contours. The survey coincided with a massive rollout of ARVs 
in KwaZulu-Natal, which the center helped coordinate, so this gave them 
a new opportunity to look at treatment as prevention. To date, the center’s 
efforts have helped start more than 20,000 people on anti-HIV drugs. 

The Africa Centre team identified 16,667 people who were uninfected 
with HIV in 2003 and agreed to have repeated tests for the AIDS virus each 
year. Between 2004 and 2011, 1413 of these people became infected. 

Researchers at the Africa 
Centre had previously shown 
that sexual partnerships in 
Hlabisa have strong geograph- 
ical links. In a study published 
by Tanser and colleagues in 
the 16 July 2011 issue of The 
Lancet, 67% of the partici- 
pants reported having sex over 
a 5-year period with someone 
in their small Zulu commu- 
nity known as an isigodi. So 
for the new study, the investi- 
gators created a circle around 
each uninfected person’s home 
that had a radius of 3 kilome- 
ters and then analyzed the pro- 
portion of HIV-infected people 
receiving ARVs in that small 
area. If treatment worked as 
prevention on a community 
level, then, theoretically, there 
should be fewer new infections 
in neighborhoods where a 
higher percentage of infected 
people were on ARVs. 

During the study, ARV coverage jumped from less than 10% of the 
infected population to 37%. Tanser’s group found that the new infection 
rate was lowest in places that had the highest ARV usage: If ARV coverage 
was 30% to 40%, the people in those communities had 38% fewer new 
infections when compared with those in locales that had ARV coverage of 
less than 10%. 

What's more, the study showed that not all infected people, and cer- 
tainly not 100%, need to be on treatment to see an effect. “Once you get 
to 30% coverage, you get a steep decline in new infections,” Tanser says. 
So in the end, this is one of the rare examples in which the real world is a 
more forgiving place than many people imagined. -j. Cc. 


Helping hands. Hlabisa 
residents participated in 
a study that proved treat- 
ment as prevention works 
in the real world. 
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Tangible benefits have begun to 
surface, too. The proportion of deaths 
related to HIV/AIDS has dropped 
from 52.3% of the total in 2006 to 
43.6% in 2011. (Death rates from 
TB, excluding HIV, have remained 
relatively constant.) As a study in 
this issue reports, life expectancy in 
KwaZulu-Natal went from 49.2 in 
2003—the year before the govern- 
ment began providing ARVs— 
to 60.5 in 2011 (see p. 961). Only 
2.7% of babies born to HIV-infected 
women in 2011 were infected after 
6 weeks, down from a high of 20% 
to 30% a decade earlier. “Undeni- 


ably, much remains to be done,” the ©5-19% 
report concludes. “However, for the @ 20-49% 
@250% 


first time in two decades, this prog- 
ress instills a basis for hope.” 
Several other recent develop- 
ments illustrate how far South Africa 
has come in comparison to its neigh- 
bors. A study in this week’s issue of Science 
shows that widespread use of ARVs in Kwa- 
Zulu-Natal reduced the spread of HIV in the 
community (see p. 966)—the first demon- 
stration outside a clinical trial that treatment 
works as prevention in a sub-Saharan A fri- 
can setting. The country also has become a 
world leader in HIV/TB research, and now 
boasts its own world-class institute devoted 


0-4% 


No estimate 


to the study of these married diseases. With 
$40 million from the Howard Hughes Med- 
ical Institute, in October 2012 K-RITH 
opened a swank 4000-square-meter, 8-story 
building that features several high-tech bio- 
safety spaces with negative air pressure 
that can handle dangerous pathogens, state- 
of-the-art DNA sequencing machines, 
and the fastest Internet connection avail- 


Pulling South Africa Back From the HIV/AIDS Brink 


When Aaron Motsoaledi, the South African minister of health, spoke in 
Vienna at the 18th International AIDS Conference in 2010, he was largely 
unknown to that community, which had come to see his government as a 
pariah in the fight against HIV/AIDS. At the Vienna meeting, Motsoaledi, a 
medical doctor who was appointed to the health ministry in May 2009 shortly 


after President Jacob Zuma took 
office, announced to the audience 
that his country had done an about- 
face. Today, many of the goals that 
Motsoaledi spelled out in his Vienna 
talk have been met, as the country 
has aggressively expanded testing 
and treatment for both HIV and TB 
(see main story, p. 898). 
Motsoaledi met with 
Science in September 2012 in 
the courtyard of an aging but 
elegant conference center atop a 


hill in Pretoria. The center was hosting President Zuma and other leaders 
attending an African National Congress (ANC) meeting. An executive 
member of ANC who during the antiapartheid struggle once worked 
with an underground, armed wing, Motsoaledi was candid and refresh- 
ingly blunt, never sidestepping controversial issues or requesting that his 


thoughts be off the record. 
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New Rx. Health Minister Aaron 
Motsoaledi_has reinvigorated the 
country’s attack on HIV/TB. 
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HIV Prevalence in New TB Cases (2011) 


Hardest hit. The HIV/TB syndemic has walloped southern Africa. 


able in the country. “We’re trying to put 
the technology where the problem is,” says 
K-RITH’s director, William Bishai, who 
maintains a lab at Johns Hopkins University 
in Baltimore, Maryland. 

In the next 3 years, the government says 
in its National Strategic Plan for these dis- 
eases that it hopes to reduce new HIV and 
TB infections by 50%, which it will do 


Q: The International AIDS Conference in Durban, South Africa, 
in 2000 was a turning point in the epidemic, as the world rec- 
ognized that treatments saving lives in rich countries should be 
available to the poor. Yet your president at the time, Thabo 
Mbeki, was questioning whether HIV caused AIDS. What did you 


think of your country then? 
A.M.: | was very confused and 
extremely disappointed. It was one 
of the lowest moments in the coun- 
try. I'ma trained doctor, so | was also 
aware and worried, but | was not 
[working] within the health sector. 


Q: What did you do when you 
came in as health minister? 

A.M.: Now that | was given authority, 
it didn’t need rocket science for me 
to know exactly what it is that | need 


todo, and | went out to do it. | was not the only one. We had a new chairperson 
of the South African National AIDS Council, the Deputy President Kgalema 
Motlanthe, who had similar beliefs. On top of everything else we had 
President Zuma, who also complained this was a wrong policy, and now that 
he was in charge he cannot allow it. All | had to do was to show the main 
figues, exactly what the scourge has done. 


22 FEBRUARY 2013 VOL339 SCIENCE www.sciencemag.org 


CREDITS (TOP TO BOTTOM): WORLD HEALTH ORGANIZATION, GLOBAL TUBERCULOSIS REPORT 2012; MALCOLM LINTON 


CREDIT: MALCOLM LINTON 


by ensuring that everyone in the country 
receives an annual HIV test and an exam 
for TB symptoms. It also aims to increase 
ARV coverage to 80% and drive mother-to- 
child transmission below 2%. 
As the strategic plan notes, 
achieving these aspirations 
depends on substantial fund- 
ing increases that will have 
to come mainly from gov- 
ernment coffers. K-RITH’s 
Bishai also soon hopes to have 
a dozen leading HIV and TB 
researchers from around the 
world investigating how the 
two diseases interact. “It’s 
a black box,” says Bishai, 
whose own work focuses on 
the genetics of drug resis- 
tance. “And the fields have 
been siloed. There’s almost 
no co-authorship.” 

Despite these steps for- 
ward, Hlabisa Hospital, 
located atop rolling hills that 
abut one of several game parks 
in KwaZulu-Natal, reveals 
the staggering challenges that exist today. 
Tshipuk Martin, the doctor in charge of HIV/ 
AIDS at the 275-bed hospital, in September 
2012 led a tour of the crowded female adult 
ward, where some patients slept on mat- 


tresses on the floor. “Up to 80% are here 
for HIV, and all have complications of 
opportunistic infections,” Martin says. 
“Almost all patients are coming inon ARVS, 


Success story. Drugs cured Nomusa Manqele’s TB and have controlled her HIV infec- 
tion. “People have trouble with adherence because they're not accepting their status,” 
Mangele says. “I tell them to look at me. I'm fine. I’m healthy. I’m proud of my status. | 
told myself the stigma, I’d get rid of it.” 


but they’re coming in very sick and the 
problem is adherence” to drug regimens. 
Improved diagnostics and better use of 
existing drugs alone will not curb the HIV/TB 
syndemic. That will require even wider use of 
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ARVs and existing antibiotics, as well as new 
treatments that cure drug-sensitive M. tuber- 
culosis more quickly and have more power 
against resistant strains. (The United States 
just approved a new drug, 
bedaquiline, that combats 
MDR TB [Science, 11 Janu- 
ary, p. 130].) Effective vac- 
cines against both diseases, 
which remain elusive, would 
make huge inroads, too. But 
South Africa clearly has more 
tools—and more political 
will—to confront HIV/AIDS 
and TB than ever before. 
Then again, meaningful 
change takes time, and it ran 
out for Sandile on 8 Octo- 
ber. Despite specialty care at 
King George V, the tag-team 
drubbing from HIV and ™. 
tuberculosis finally proved 
too much for the young boy’s 
body, leading to irreversible 
kidney damage and sepsis. 
During his entire 6 months of 
his hospitalization, he never 
had a visitor. One week passed before rela- 
tives arrived from rural KwaZulu-Natal to 
retrieve his body, which they took back to 
their village for a traditional funeral. 
-JON COHEN 


Q: What figures did you show? 

A.M.: In this country, it’s not because of a lack of research and knowl- 
edge that a wrong policy was followed. HIV/AIDS is a sort of animal, and 
many different groups had different parts of this animal. Nobody knew 
exactly what the animal looked like. | realized that if we brought these parts 
together, we'd start seeing whether we're dealing with a big animal or a 
mouse—whether it’s a monster or something you can just kick and say, ay, 
this is nothing. | went back to 2000 and collected every piece of evidence 
about HIV in South Africa from internal and external organizations, and | 
put it together in a PowerPoint. And this started showing a clear picture of 
what's happening all over the country. Before | did this, some very promi- 
nent members of society were saying, “Minister, are you not exaggerating 
this HIV/AIDS problem? Don’t we have diabetes, high blood pressure, can- 
cer? We never hear you mention these things—every time you open your 
mouth it’s HIV/AIDS. Don’t you understand the danger of becoming the 
minister of HIV/AIDS instead of the minister of health?” Now these graphs 
balanced things. 


Q: Who saw this PowerPoint? 

A.M.: The first person | targeted was the president. It was October 2009, 
and it was half past 11 in the night when he gave me an appointment. | 
asked for 45 minutes with him. He was shocked. He said, “I've been know- 
ing what we were doing was wrong but no one ever showed me in numbers 
and figures.” He said, “Tomorrow, you are going to present this to the Cabi- 
net.” And | did. And some members of the Cabinet also said, “Oh, these 
figures and numbers, ay, something out of this world. We never saw them.” 


They might have seen them somewhere but in different parts, and putting 
them together, they said, “This is no ordinary animal—it’s a monster.” And 
that’s why everything started. 


Q: Some developing countries think South Africa has made great 
strides because it has more resources. Is that true? 

A.M.: | don’t necessarily think so. It was more of a political will. | didn’t only 
show the PowerPoint to the Cabinet, | showed it to all the ministers, includ- 
ing the minister of finance. So all of the ministers are united. The public 
turning point happened on World AIDS Day, first of December 2009, when 
the president shared the platform with the executive director of UNAIDS 
[the Joint United Nations Programme on HIV/AIDS], Mr. Michel Sidibé, who 
was also very helpful. The president made far-reaching announcements 
about how to deal with HIV/AIDS. The budget was already completed for 
the full year, but he went to the minister of finance and said, You have 
to change the budget to suit this announcement. Other ministers had to 
accept budget cuts. 


Q: What frustrates you and makes you think the country is not doing 
what you hope it could do or should do? 

A.M.: You need highly skilled people to deal with this problem. We are strug- 
gling with that. There’s a massive shortage of health workers around the 
whole world, but in sub-Saharan Africa especially. Secondly, the burden of 
disease is very high. And because of our wrong approach in the beginning, 
the program started very late, and it means we're lagging behind. We lost a 
decade, and that makes it very difficult to catch up. 
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Old ways 
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Old Trees: Extraction, Conservation Can Coexist 


BECAUSE LARGE OLD TREES ARE ESSENTIAL FOR FOREST ECOSYSTEM INTEGRITY AND BIODIVER- 
sity, timber extraction in managed forests should preferentially be concentrated where large old 
trees are least likely to develop (“Global decline in large old trees,’ D. B. Lindenmayer et al., 
Perspectives, 7 December 2012, p. 1305). However, timber extraction and the conservation of 
large old trees are not necessarily mutually exclusive. 

Current forest policy and management practices in Flanders, Belgium, aim to convert 
even-aged stands (areas in which trees are all the same age) to stands with trees of varying 
ages in an effort to increase forest ecosystem stability and resilience and to allow trees to 
grow old. As part of their ecologically sustainable forest management, public forest man- 
agers have adopted a large-tree retention approach [see also (/, 2)]. Tree islands within 
stands managed for production of high-quality timber are reserved for conservation, and 
trees within these islands will never be extracted. Large old trees of commercially valuable 
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species that have grown beyond the commercially optimal dimensions will 
not be logged either. And no tree beyond a threshold diameter [currently set at 
dbh (diameter at breast height) of more than 102 cm] will ever be logged. The 
strip-shelterwood system (in which trees are cut in linear strips and surround- 
ing trees are given time to grow old) and the coppice-with-standards system 
(in which some trees are left to grow while others around them are cut) are 
two examples of forest management that allows the combination of sustain- 
able forest exploitation and conservation of large old trees. 
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Old Trees: Cultural Value 


AS D. B. LINDENMAYER &7 AL. POINT OUT 
(“Global decline in large old trees,” 
Perspectives, 7 December 2012, p. 1305), 
large old trees play a key ecological role 
in many different environments, and their 
observed decline may have disastrous con- 
sequences for biodiversity and ecosystem 
integrity. However, the value of large trees as 
part of our cultural heritage, often neglected 
in conservation, may be essential for address- 
ing the problem of their global decline. 

Old trees span several human generations 
and thereby constitute a living link between 
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them. Cultural, religious, spiritual, and sym- 
bolic values of the large trees, as well as indig- 
enous communities’ reliance on services pro- 
vided by them, provide a firm foundation 
for practical conservation. In many cases, 
the general society’s preferences concerning 
large trees may coincide with the broad con- 
servation interest (/). 

Moreover, large trees wake emotions, 
appeal to our aesthetic sentiments, and are 
often perceived as important landmarks. In 
this sense, they may be perfect flagship ele- 
ments of the conservation strategies. For 
example, a concern for big trees in the begin- 
ning of the 20th century led to action that 


To haze and 
haze not 
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safeguarded the future of giant sequoias, per- 
ceived as “natural temples” (2). When con- 
sidering a multitude of large trees’ virtues, it 
seems that the value of these iconic organ- 
isms should be more broadly recognized by 
the conservation community, as it may sup- 
port their conservation goals. 
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Old Trees: 


Large and Small 


D. B. LINDENMAYER E&7 AL. 
(“Global decline in large 
old trees,” Perspectives, 7 
December 2012, p. 1305), 
report a global decline in 
large old trees and show that 
climate change and human 
disturbance are reducing the abundance of 
these ecologically important organisms. 
Such framing of the problem leads to confla- 
tion of two issues: Old trees and large trees 
are not synonymous. 

While the term “old growth” brings to 
mind the iconic sequoias described by the 
authors, stunted and slow-growing forests 
in extreme environments also play impor- 
tant ecological roles, and declines in small 
old trees are of increasing concern. Land- 
scapes with small old trees (often surviving at 
the edge of their ranges) function as genetic 
repositories and population refugia, which 
play a critical role in the long-term persis- 
tence of forest ecosystems (J, 2). 
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Cryopreservation 
of plant diversity 


In southern Brazilian Atlantic forests, 
where highly diverse isolated populations can 
persist over several millennia, small old trees 
have shown recent growth decline (3). Here, 
at the southernmost limit of tropical forest dis- 
tribution, trees more than 40 cm in diameter 
are rare, and landscapes dominated by small 
trees provide essential services, but very lit- 
tle of the original forest cover is protected by 
nature reserves. A hemisphere away, in north- 
ern Ontario, Canada, live some of the largest 
undisturbed old-growth pine forests in North 
America (4). Recent work suggests that here, 
too, the growth of small old trees (typically 
less than 50 cm in diameter, from 150 to more 
than 300 years) has been declining (5). As cli- 
matic changes and human demands increase, 
widespread growth declines and increased 
mortality threaten global forests (6-8). The 
struggles of large old trees are important, but 
they are by no means unique. 
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Response 

CECILE ET AL. TAKE ISSUE WITH OUR RECENT 
Perspective on the rapid global decline of large 
old trees by asserting that “large” and “old” 
are not synonymous. Of course, some ancient 
trees are indeed short in stature [e.g., (/)]. 
Nonetheless, many of the world’s largest trees 
are also old (more than 500 to 1000 years) (2, 
3), so it is correct to highlight this reality. 
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Cecile et al. further argue that small old 
trees are declining in some ecosystems, and 
we agree that this is a matter of concern. 
However, large old trees are particularly vul- 
nerable to disturbances such as insect attack, 
pathogens, drought, and fire in some environ- 
ments (4—6). Large old trees also play a range 
of key roles (e.g., as wildlife habitat and for 
carbon storage) that are not played by small 
old trees. Unlike large old trees, small old 
trees are rarely deliberately removed during 
agricultural intensification (7) or because of 
safety concerns in urban environments (4). 
In addition, small old trees are less likely to 
be targeted for logging [although they may be 
specifically targeted in some restoration proj- 
ects in western North America because of 
prohibitions on removal of larger trees (8)]. 
The particular risks faced by large old trees, 
combined with their unique ecological roles, 
mean that their management and conserva- 
tion warrant special mention. 
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China’s Little Emperors 
Show Signs of Success 


IN THE REPORT “LITTLE EMPERORS: BEHAVIOR 
impacts of China’s one-child policy” 
(22 February, p. 953; published online 10 
January), L. Cameron et al. suggest that 
being an only child as a result of China’s 
one-child policy (OCP) might carry negative 
implications for success and well-being. We 
caution against overgeneralization from the 
economic experiments and personality sur- 
veys conducted in this study. 

In longitudinal studies among the first 
post-OCP cohort—the same cohort as that 
studied by Cameron et a/.—some single- 
tons showed more behavioral problems and 
less independence in childhood. Yet, by ado- 
lescence, differences in behavioral prob- 
lems disappeared and independence levels 
reversed (/, 2). In contrast to the experimen- 
tal context, more pro-social behaviors among 
singletons than non-singletons were found in 
community samples (2). In education, single- 
tons performed as well as or better than their 
peers in verbal and math skills and showed 
better school adjustment and lower levels of 
anxiety, but they demonstrated inferior test- 
ing and study methods (3, 4). Once they 
became parents, this cohort of singletons 
showed no difference in marriage adjustment 
compared with their counterparts, and in fact 
demonstrated higher levels of life satisfaction 
and higher intergenerational family fusion 
(5). Contrary to the hypothesis that malad- 
justment might be magnified in later post- 
OCP cohorts, singletons born in the 1990s 
have shown equal or superior interpersonal 
relationships with peers, teachers, and family 
members compared with non-singletons (6). 

All this is not to deny legitimate concern 
over the OCP, only-child status, or the com- 
bination of both. Yet, against expectation and 
stereotype, research has shown that as “little 
emperors” transition into adulthood, their well- 
being and performance are comparable with, if 
not superior to, those with one or more siblings. 
In such complex systems as that of human psy- 
chology and behavior, one must move beyond 
linear notions of causality. Circular processes 
of self-correction at the individual, family, and 
social levels often provide surprising compen- 
satory responses to initial conditions. 
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CORRECTIONS AND CLARIFICATIONS 


This Week in Science: “Proton still too small” (25 January, 
p. 371). The study examined muonic hydrogen, not muon- 

ium. Muonic hydrogen is the name given to a system made 
from a proton and a negative muon. Muonium is the exotic 
atom made from a positive muon and a (negative) electron. 
The HTML and PDF versions online have been corrected. 


News Focus: “The children’s study: Unmet promises” by 
]. Kaiser (11 January, p. 133). The January 2013 workshop 
to review the study plan described in the text and time- 


line was sponsored by the National Academy of Sciences, 
not the Institute of Medicine. The HTML and PDF versions 
online have been corrected. 


Letters: “NextGen speaks” (4 January, p. 30). Ali Jawaid’s 
essay referred to Pakistan, not Switzerland. Jiang Zhao is 

at Beihang University, not Beijing University. Guilherme 
Martins Santos’s address should be Laboratory of Molecu- 
lar Pharmacology, Department of Pharmaceutical Sciences, 
Faculty of Health Sciences, University of Brasilia, Brazil, CEP 
70910-900, Brazil. In the online-only essays, Homare Yama- 
hachi’s essay referred to Greece, not Norway. These changes 
have been made in the HTML and PDF versions online. 


Reviews: “Conversion of wastes into bioelectricity and chem- 
icals by using microbial electrochemical technologies,” by B. 
E. Logan and K. Rabaey (10 August 2012, p. 686). In the Fig. 
2 legend, the symbols should have been identified as fol- 
lows: “There is roughly an inverse relationship between the 
value of these products (circles) and the current densities (tri- 
angles)...” On p. 689, “4.5 a.m.” should have been written 
as “4.5 Am-." The authors also wish to thank T. Lacoere and 
]. Desloover for assistance in preparing the draft figures and 
funding from the Commonwealth Scientific and Industrial 
Research Organization Flagship cluster “Biotechnological 
solutions to Australia’s transport energy and greenhouse gas 
challenges.” The HTML version online has been corrected. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Bilaterian Burrows 
and Grazing Behavior at >585 Million 
Years Ago” 


Claudio Gaucher, Daniel G. Poiré, Jorge Bossi, 
Leda Sanchez Bettucci, Angeles Beri 


Pecoits et al. (Reports, 29 June 2012, p. 1693) describe 
bilaterian trace fossils and assign them an Ediacaran age 
based on the age of a granite interpreted as intrusive. We 
argue that the granite is not intrusive but in fact repre- 
sents the basement of the sedimentary succession. More- 
over, we show that identical trace fossils occur in nearby 
Carboniferous-Permian glacigenic rocks. 


Full text at http://dx.doi.org/10.1126/science.1230339 


Response to Comment on 
“Bilaterian Burrows and Grazing 
Behavior at >585 Million Years Ago” 


Ernesto Pecoits, Kurt O. Konhauser, 
Natalie R. Aubet, Larry M. Heaman, 
Gerardo Veroslavsky, Richard Stern, 
Murray K. Gingras 


Gaucher et al. suggest that their field observations and 
petrographic analysis of one thin section do not support 
an Ediacaran age for the trace fossils—bearing strata of the 
Tacuari Formation. We have strengthened our conclusion 
of an Ediacaran age for the Tacuari Formation based on 
reassessment of new and previously presented field and 
petrographic evidence. 


Full text at http://dx.doi.org/10.1126/science.1230677 
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ANTHROPOLOGY 


Lessons from Our Elders 


W. G. Runciman 


ithin a single lifetime, New 
Guinea highlanders who until the 
1930s knew nothing of their fel- 


low human beings in the modern world were 
catapulted across ten millennia of cultural 
and social evolution. Jared Diamond’s natu- 
ral- and social-scientific interests and many 
years of exploration and research in New 
Guinea make him well qualified to expound 
what he sees as the implications both for 
them and for us. In The World Until Yester- 
day, he also draws on the ethnography of a 
number of other well-documented societ- 
ies that he labels “traditional” as opposed to 


same field of view as the caregiver (an older sister). 


“state,” including the !Kung, Ache, Siriono, 
Yanomamo, Shoshone, and Inuit. But it is the 
people of New Guinea whom he has princi- 
pally in mind. 

Admirers of Guns, Germs, and Steel (1) 
may be surprised to find that in this book, 
Diamond has almost nothing to say about 
the range of state societies that has evolved 
since the transition from hunting and for- 
aging to agriculture. Largely skipping the 
development of sedentism, markets, armies, 
churches, and bureaucracies and the concen- 
tration of increasingly expanding popula- 
tions in increasingly large communities, he 
goes more or less straight from his traditional 
societies to the present-day United States. In 
a chapter on religion, he makes in passing 
the claim that the book is “devoted to explor- 
ing the whole spectrum of human societies, 
from small-scale or ancient to populous or 
modern.” But it does no such thing, beyond 
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Traditional transport. Vertically erect and facing forward, the 
carried child (here a Pumé Indian baby from Venezuela) sees the 


The World Until 
Yesterday 


by Jared Diamond 


Viking, New York, 2012. 
543 pp. $36, C$38. 
ISBN 9780670024810. 
Allen Lane, London. £20. 
ISBN 9780713998986. 


summarily differentiating 
the functions of religion in 
bands and tribes by 5000 
BCE, rising chiefdoms and 
states from 5000 to 1000 
BCE, European religious states at around 
1600 CE, and the secular states of today. 

The sociological taxonomy on which Dia- 
mond relies is Elman Service’s limited and 
by now heavily qualified distinction among 
bands, tribes, chiefdoms, and states (2). Much 
of the evidence for Diamond’s conclusions is 
frankly anecdotal. He is not concerned with 
either the underlying process or the detailed 
mechanisms of cultural and social 
evolution, but only with the traits of 
traditional societies that he thinks 
could be imitated by state societies 
to the latter’s benefit. 

Diamond’s recommendations 
fall under seven headings: the set- 
tlement of disputes; the bringing 
up of children; the treatment of the 
old; and attitudes toward risk, reli- 
gion, language, and physical health. 
He has no romantic illusions about 
hunter-gatherer lifestyles and well 
understands why New Guineans 
embrace the benefits that American 
society has to offer them. But he is 
convinced that we have lessons to learn from 
them as well as the other way round. 

Different readers will have different opin- 
ions about both the originality (or, some will 
say, banality) of the recommendations and 
about the prospect (or, some will say, unlike- 
lihood) of their being put into effect. Diet is 
the most straightforward: the reasons why 
excessive intake of sugar and salt both dam- 
ages health and shortens life expectancy are 
well understood, and the means of combat- 
ing it are at hand. It is less easy to see how 
Americans will be persuaded that all chil- 
dren should be multilingual. Nor can one eas- 
ily identify the practical implications of the 
injunctions that we should “be honest with 
ourselves about what religion does or might 
mean specifically to us” or that in assess- 
ing the dangers inherent in our lifestyles we 
should adopt “New Guinea-style construc- 
tive paranoia selectively.” (One of his chosen 
examples is the failure of Harvard’s invest- 
ment managers in the run-up to the 2008-09 
financial meltdown to “have followed the 


What Can We Learn from 
Traditional Societies? 


[risk-management] strategy prac- 
tised by so many peasant farm- 
ers.”) Perhaps more could be done 
to enrich the lives of elderly Amer- 
icans by keeping them in closer 
contact with children and grand- 
children, as “traditional” families 
have no choice but to do. But how 
likely is it that American parents 
will take to practicing on-demand 
nursing and late weaning, let alone 
stop buying their children video 
games? And whereas there is much to be said 
for mediation in both interpersonal and wider 
disputes and conflicts, how much scope for 
it is there in a society whose legal system is 
among the most adversarial in the world? 

Although a professor of geography, Dia- 
mond twice describes himself as an evolu- 
tionary biologist. When, therefore, he ven- 
tures into comparative sociology, he cannot 
but be aware that by comparison with biology, 
it is a science still in its infancy. Sociologists 
have nothing approaching a Linnaean classi- 
fication of societies with a Darwinian ratio- 
nale. Natural experiments where the relevant 
variables are adequately controlled are few 
and far between. As Diamond remarks 4 pro- 
pos the unimpeachable generalization that all 
human societies practice both violence and 
cooperation, “which trait appears to predomi- 
nate depends on the circumstances.” But the 
workings of cultural and social variation and 
selection are still far too little understood for 
it to be possible to specify the circumstances 
under which one trait is more likely than 
another to be reproduced, whether by homol- 
ogous descent, lateral diffusion, or conver- 
gent evolution. 

What we (sociologists, that is) do, how- 
ever, know is the extent to which the tra- 
jectories of cultural and social evolution 
in all human societies are path-dependent. 
Whether in cultural selection (where infor- 
mation affecting phenotype is acquired by 
imitation or learning) or in social selection 
(where it is imposed on phenotypic behavior 
by rules encoded in institutional sanctions), 
mutations adaptive in one environment may 
be either exaptive or maladaptive in another. 
Only hindsight discloses which. But this 
sociologist’s guess is that Diamond’s recom- 
mendations to his fellow Americans have not 
much chance of being put into effect. 
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ECONOMICS 


A Journey Through 
200 Years of Models 


Caterina Marchionni 


o many observers, economics appears 
"Ts impersonal, and far removed from 

actual economic concerns. With its 
heroes, caricatures, recipes, analogies, narra- 
tives, and much more, 7he World in the Model 
offers a very different picture. 
Mary Morgan’s book is a “‘travel 
guide” through two centuries 
of economic modeling, includ- 
ing Francois Quesnay’s Tableau 
Economique, David Ricardo’s 
model farm, Alfred Marshall’s 
diagrams of supply and demand, 
John Hicks’s IS/LM model of 
the Keynesian system, and the 
prisoner’s dilemma game. Her 
guide makes the reader appreci- 
ate economics much as we come 
to appreciate a city we had only heard about. 
We discover its beauty by admiring its land- 
marks and learning who built them, how they 
were built, what they represented in the past, 
and what they mean today. 

Not only a refreshing history of economic 
modeling, the book also presents an insight- 
ful philosophy of economic modeling. Mor- 
gan (a historian at the London School of 
Economics and the University of Amster- 
dam) conceives of economic models as little 
worlds that represent aspects of the economy 
and can be analyzed and manipulated in dif- 
ferent ways. To be suitable working objects 
for economists, they must be small and sim- 
plified (so that they can be analyzed). None- 
theless, their format and content must be rich 
enough to permit productive manipulations. 
Economic models are “objects to enquire 
into,” manipulated and analyzed in order 
to understand their properties and behay- 
ior (thereby helping economists probe theo- 
ries and intuitions). They are also “objects 
to enquire with,’ employed in order to gain 
insights about the actual world. 

According to Morgan, the question of 
when results from a model can be transferred 
to the world does not concern the truth of the 
model vis-a-vis its target. Instead the ques- 
tion concerns the validity of the inferences 
from the model to the world. The problem 
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economists face is analogous to the external 
validity problem experimenters face. 
Morgan argues that narratives provide 
the connection between economic models 
and the world. Narratives are “stories” that a 
model allows economists (working with and 
through it) to assemble. (For example, narra- 
tives can relate how changes in certain ele- 
ments of the model causally influence others.) 
They also serve to indicate possible points 
of correspondence between elements of the 
model and aspects of the world. As in many 
experimental contexts, Morgan notes, model- 
based inferences are infor- 
mally made. Yet manipulating 
a model is not like manipulat- 
ing some portion of the natu- 
ral or social world as it occurs 
in laboratory experiments. 
And this is why, from an epis- 
temic point of view, in spite of 
their similarity, model-based 
inferences are less powerful 
than experimental ones. 
Morgan’s account comes 
to full life in her many detailed 
examinations of particular cases of both 
model making and model use. For example, 
she offers vivid accounts of the development 
of the Edgeworth box diagram, the Newlyn- 
Phillips machine, and Orcutt’s microsimula- 
tion—three models (a diagram, a hydraulic 
machine, and a computer-based simulation) 


Hydraulic model. Bill Phillips with the Newlyn- 
Phillips macroeconomics machine. 


that differ greatly in format but whose build- 
ing processes, she shows, all involved ele- 
ments of cognition and creativity. 

Morgan also reconstructs the history of 
that key figure in economics, Homo eco- 
nomicus, from its ancestry in Thomas Mal- 
thus and John Stuart Mill to today’s rational 
economic man. She advocates viewing the 
rational economic man as a caricature rather 
than a realistic portrait. Caricatures exagger- 
ate certain features, and distort others, of their 
subject. To the knowing, however, good cari- 
catures recognizably represent their subject. 
The same holds for the economic man, Mor- 
gan argues, which makes it a workable model 
for economists. For example, Morgan shows 
that it is the right character for the prisoner’s 
dilemma and other game-theoretic models, in 
which it acts according to the kinds of situa- 
tion each model represents. 

Although throughout the book Morgan 
exhibits a sympathetic, almost affectionate, 
attitude toward the models she examines, 
she also draws attention to their limitations. 
Contrary to the views of some critics of eco- 
nomics, however, she doesn’t see the culprit 
to be formal modeling nor the way in which 
modeling works in the discipline. For her, 
assessing economic models is mainly a local 
matter: a judgment about particular models 
and their usefulness for specific purposes. 
This important point naturally follows from 
her view of economic models as working 
objects. Yet, it is perhaps equally important 
to investigate which systematic biases affect 
the ways in which models are built and used 
in economics [c.f., (7)]. Such biases might 
help explain why economic modeling does 
not work in some contexts, even if it works 
well for the kinds of questions economists 
ask. At the same time, understanding the 
success and failure of particular models 
contributes to the general task of identify- 
ing the characteristic biases of the economic 
approach to modeling. 

The skillful combination of history and 
philosophy of science makes The World in the 
Model a must-read for historians and philoso- 
phers of economics and of science. Many oth- 
ers, including economists, will enjoy Morgan’s 
tour of economic modeling. All should come 
away with a better understanding of the small 
worlds economists work with and a more bal- 
anced assessment of their epistemic value. 
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INFECTIOUS DISEASE 


The Stability of Malaria Elimination 
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en the Global Malaria Eradication 
Programme (GMEP) was launched 
in 1955 (/, 2), all malaria-endemic 


countries outside of Africa were (or would 
soon be) eliminating malaria (3). The GMEP’s 
design was based on a theory of malaria 
transmission dynamics and control that has 
become the standard for malaria elimination 
decisions today (4-6). When financial support 
for the GMEP collapsed in 1969, participat- 
ing countries were caught at different stages 
of progress toward elimination (/). Examin- 
ing their fate in the decades that followed pro- 
vides a natural experiment that tests the the- 
ory. With a rise in funding (7) and renewed 
interest in eradication (8, 9), there is now a 
need to revisit the lessons learned from the 
GMEP. We identify changes in the epidemi- 
ology of malaria when elimination is reached 
that could explain its stability and discuss 
how this calls for a reassessment of strategies 
for eradication. 


Standard Theory of Malaria Elimination 

Malaria elimination involves stopping trans- 
mission in a defined region until no parasites 
remain (6, /0), through implementation of 
vector control, treatment of infected individu- 
als, and other available interventions. Eradica- 
tion is elimination at a global scale. Between 
1945 and 2010, 79 countries eliminated 
malaria and 75 (95%) remained malaria-free 
(11), which shrank the geographical range 
of malaria (/2). A recent review identified 
75 resurgent malaria transmission events in 
61 countries (/3), which included marked 
increases in malaria incidence in 36 of the 49 
countries (73%) that had participated in the 
GMEP but had failed to reach elimination (//, 
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14). Resurgent malaria after the GMEP con- 
firms some predictions of the standard theory, 
but elsewhere, the apparent stability of elim- 
ination is counterintuitive and may require a 
reappraisal of the theory. It suggests that elim- 
ination could be a way to solve the Sisyphean 
problem of malaria (/5). 

Standard theory for malaria elimination 
is based on a threshold concept called Ry (4, 
5), the expected number of secondary infec- 
tions produced by each infected human in the 
absence of control or acquired immunity. Ry is 
a threshold condition because each case must 
cause at least one other case to have sustained 
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R, estimates by year (1998-2002) for 27 GMEP 
countries that eliminated malaria. Elimination 
requires reducing R, to <1. Full data spanning 
1980-2010, with countries spelled out are avail- 
able in SM. Mean R; for available years spanning 
1980-2010 is shown to the left. 


20 RU | 


Eradication may not be necessary before 
countries can eliminate, scale back control, 
and rely on health systems. 


transmission and endemic malaria. Mosquito 
aspects of R, are described by vectorial capac- 
ity, a single number that summarizes mosquito 
population density, longevity, blood-feeding 
habits, human-feeding preferences, and para- 
site development rates (/6). Human aspects of 
R, are dominated by the long infectious period 
that is sustained by untreated asymptomatic 
infections lasting 6 to 8 months on average 
and, sometimes, longer than a year (/7). Vec- 
tor control reduces vectorial capacity; routine 
use of antimalarial drugs shortens infections; 
and, in the presence of such interventions, 
controlled reproductive numbers, denoted R., 
describe the reduced number of malaria cases 
arising from each malaria case (9). Elimina- 
tion requires reducing R, to <1, such that local 
transmission will eventually cease. 

After elimination, malaria importation 
poses a constant threat, because humans 
and mosquitoes carry malaria from endemic 
areas across international boundaries and 
within countries (/8, /9). In such settings, R, 
describes probabilistically the total number of 
cases in an outbreak arising from an imported 
malaria case, so it is useful in planning the end 
of elimination (/0) and the management of 
imported malaria. 

According to standard malaria transmis- 
sion theory, in order to eliminate malaria, 
R. must be reduced to below 1, and as long 
as importation continues, control measures 
must be maintained such that R, remains 
below | to prevent importation from reestab- 
lishing endemic malaria. Countries thus must 
retain the capability to stop imported malaria 
cases from transmitting, either by sustaining 
vector-control measures to keep R, low even 
after elimination, or through intense surveil- 
lance to identify and cure all imported and 
subsequent infections before they can lead to 
resumption of transmission (20, 2/). If con- 
trol measures are not sustained at sufficiently 
high levels, imported malaria could restart 
endemic transmission. 

Malaria resurgence, which was common 
in those countries that tried, but failed, to elim- 
inate malaria (/3, /4), conforms to this theory. 
The causes of resurgence were poorly docu- 
mented but, most frequently, resurgence was 
blamed on the failure to sustain high interven- 
tion coverage levels (/3). If this pattern held 
everywhere, elimination would require long- 
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term investments in vector control until eradi- 
cation is achieved. The best hope for eradica- 
tion would be a massive campaign with suffi- 
cient funding to bring about a coordinated end 
of malaria transmission such that importation 
is no longer possible and control efforts can 
end. If true, eradication would require signifi- 
cant worldwide collaboration. 


What Explains the Stability of Elimination? 
Elimination countries once had endemic 
malaria (i.e., Ry > 1), and they have remained 
malaria-free even though most of these coun- 
tries have abandoned the elimination era vec- 
tor-control programs. Without those inter- 
ventions in place, why has transmission not 
resumed? Considering that all of these coun- 
tries face ongoing malaria importation, the 
stability of elimination requires a closer look. 

To assess contemporary malaria importa- 
tion and to quantify R. in elimination coun- 
tries, national malaria reporting data were 
sought from 1980 onward for all countries 
that participated in the GMEP and eliminated 
malaria [see supplementary materials (SM)]. 
In many cases, the data were either sporadi- 
cally or not collected or not publicly reported. 
Data were found for 30 countries that elim- 
inated malaria, documenting 249,250 
imported malaria cases over 596 country- 
years versus 4993 introduced (acquired by 
mosquito transmission from an imported 
case) or otherwise locally acquired. Formu- 
las from branching theory were used to esti- 
mate R, (10). The overall yearly average was 
R. = 0.04, and ~85% (506 out of 596) of year- 
by-country R. estimates were less than 0.01 
(see the chart). Because these countries once 
sustained endemic transmission, this analysis 
suggests that, for 85% of country-years, trans- 
mission is proportionally lower by a factor of 
more than 100 (i.e., Ry/R- > 100). Elimination 
has become highly stable. 

This familiar, but often overlooked, pat- 
tern suggests that elimination has substantial 
advantages over the alternative strategy of 
minimizing the burden indefinitely without 
attempting to eliminate malaria, which faces 
the challenge of financing and distributing 
interventions to suppress transmission and to 
manage an ever-present but inapparent threat 
(/5). Understanding the causes of very low R. 
values in elimination countries is crucial to an 
assessment of the potential for malaria elimi- 
nation to become a stable endpoint elsewhere. 
Important questions remain as to how the 99 
countries with endemic malaria should weigh 
their technical and operational challenges (20, 
21) and assess the feasibility of and formulate 
plans for malaria elimination (22). 

There are six main nonexclusive hypoth- 


eses for the stability of elimination after top- 
down control was ceased. (i) Ry might have 
decreased because of indirect effects of eco- 
nomic development wholly unrelated to dis- 
ease control, such as changes in mosquito 
ecology or human demography resulting in 
reduced human-vector contact; (ii) a decline 
in R, might have caused economic develop- 
ment, which then reduced R, (23); (iii) Re is 
low because countries have maintained vec- 
tor-control programs (this is likely true only in 
few countries); (iv) R, is low because country 
health systems have exerted highly effective 
control through routine surveillance and case 
management combined with outbreak con- 
trol; (v) vector control permanently altered 
vector ecology and R,; and (vi) the stability of 
elimination is partly due to travel patterns and 
the destinations of imported malaria. All six 
hypotheses could explain some portion of the 
100-fold difference in R. to varying degrees 
in different countries. 

The appropriate plan for countries con- 
templating elimination depends on the 
causes of the stability. A critical determina- 
tion is whether elimination was caused by 
external changes in R, unrelated to control 
efforts or whether elimination itself caused 
the permanent declines in R, and/or reduc- 
tions in R,. If malaria elimination requires 
an external change in R, (such as exogenous 
economic development), then control mea- 
sures will need to be maintained until a tran- 
sition occurs. If, instead, elimination itself 
causes stability through economic develop- 
ment and/or other means, then elimination 
is a highly desirable endpoint and should 
be aggressively pursued and supported. It 
is possible that one part of the mechanism 
by which development produces stability is 
through improved health systems and sur- 
veillance; if so, then improving health sys- 
tems may be a necessary part of elimination. 

Our analysis from post-elimination coun- 
tries documenting large declines in Ry or R-— 
whatever the cause—suggests that eradication 
of malaria differs from smallpox and other 
vaccine-preventable, directly transmitted dis- 
eases (24). It has been argued that eradica- 
tion is all-or-nothing, that interventions must 
remain in place until eradication has been 
achieved, and that there is no such thing as 
partial success (6). These patterns show that 
malaria elimination has been a partial success. 

The possibility that the complete absence 
of ongoing malaria transmission can become 
a highly stable state is relevant for policy 
because it suggests that, before achieving 
global eradication, some countries could 
eliminate, scale back control measures, and 
rely on their health systems. Projected eco- 


nomic costs of elimination are dominated by 
management of imported malaria (22, 25), 
but if elimination is stable, then it could save 
costs before achieving eradication. Objec- 
tions to elimination have been drawn, ironi- 
cally, from the experiences of countries that 
did not eliminate. This evidence suggests that 
elimination on path to eradication may be less 
risky than currently supposed, and that elimi- 
nation could have substantial advantages over 
indefinite control. 

If malaria elimination helps cause its own 
stability, then eradication may benefit from 
regional coordination, but it does not require a 
globally coordinated campaign. Malaria elim- 
ination can proceed like a ratchet, country-by- 
country and region-by-region culminating in 
global eradication. 
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The Aerosol Nucleation Puzzle 


Meinrat 0. Andreae 


ven if the air around us seems perfectly 
| Ee there are hundreds or thousands 

of tiny particles in every cubic centi- 
meter of it. Where do they come from? Some, 
like dust and sea spray, are lofted from Earth’s 
surface, but most aerosol particles are formed 
by condensation from molecules present in 
the gas phase. In a process called nucleation, 
compounds of low volatility, such as sulfuric 
acid, condense to small particles when they 
have reached a high enough concentration in 
the atmosphere, much like water condenses 
into cloud drops (see the figure, panel A). 
How this actually happens at the molecular 
level has long been an enigma of atmospheric 
science. Like the shells of a Russian doll, 
scientists have peeled away layer after layer 
of this mystery by developing techniques to 
observe smaller and smaller particles (/). 
On page 943 of this issue, Kulmala et al. (2) 
report on their observations of aerosol nucle- 
ation in a remote forest in Finland (see the 
figure, panel B), using new analytical tools 
to reveal how gas molecules join together to 
form particles. 

Experimental observation of these pro- 
cesses has been hindered because nucleation 
occurs in an instrumental blind spot between 
the realm of molecules and that of particles. 
For example, atmospheric pressure inlet 
mass spectrometers (API-MS) detect mol- 
ecules up to several hundred Daltons, cor- 
responding to particles up to about 1-nm 
diameter, whereas particle detectors typi- 
cally are limited to sizes of a few nanome- 
ters or larger. New instruments have closed 
this gap: Chemical ionization API time-of- 
flight MS can now detect atmospheric mol- 
ecules and particles reaching sizes up to a 
few nanometers, whereas particle size mag- 
nifiers and neutral cluster and air ion spec- 
trometers reach down to sizes ~1 nm. The 
chemical composition of somewhat larger 
particles (4 to 7 nm) can be determined with 
thermal desorption chemical ionization MS. 
Deployment of these and related techniques, 
together with a host of supporting measure- 
ments, have now produced a consistent pic- 
ture of the events that lead from molecules 
to particles. 


Biogeochemistry Department, Max Planck Institute for 
Chemistry, Mainz, D-55020 Germany. E-mail: m.andreae@ 
mpic.de 


Field studies in a boreal forest and laboratory 
experiments reveal how atmospheric aerosols 
are formed from gas molecules. 


From gases into particles. (A) Atmospheric nucleation is represented for sulfuric acid (sulfur atoms in yel- 
low) and organic molecules (carbon atoms in green) joining to form a critical cluster, which grows to become 
an aerosol particle (8). (B) The boreal forest at Hyytiala, Finland, where Kulmala et al. performed detailed 
field measurements of aerosol formation. (C) The CLOUD experimental chamber at CERN, Geneva, provides 
complementary laboratory studies of aerosol formation. 


Measurements at Hyytiala, a remote site 
in the boreal forest of Finland, suggest that 
nucleation proceeds in three stages. The first 
is characterized by small clusters, up to about 
1.2-nm diameter, that are present all the time 
at concentrations of a few thousand per cubic 
centimeter air, and that are not strictly part of 
the nucleation process. These clusters appear 
to represent a state close to dynamic equilib- 
rium, where molecules rapidly condense and 
evaporate, resulting in very slow net growth. 
There is widespread consensus that sulfuric 
acid is the critical species at this stage, and 
enough sulfuric acid (H,SO,) is present in 
the ambient air at Hyytiala to account for the 
formation of these clusters. Growth acceler- 
ates in the second stage (1.2 to 1.7 nm), but 
quantum-chemical calculations indicate that 
species other than H,SO, must participate to 
stabilize these growing clusters. Recent work 
suggests that ammonia, organic amines, and 
oxidized organic molecules from biogenic 
hydrocarbons help bind the H,SO, molecules 
together. 


At this stage, the nascent particles undergo 
one of two fates. On about half of the days 
investigated at Hyytialé, formation and 
growth of clusters was compensated by their 
loss to the surface of particles already present 
in the air, resulting in only very small numbers 
of particles growing to sizes larger than 2 nm. 
In contrast, on so-called “event days,” cascad- 
ing growth of clusters larger than about 1.5 
nm led to nucleation bursts, with thousands of 
particles >2 nm being present in a cubic centi- 
meter of air during the late morning, the pho- 
tochemically most active time of day. 

From the physicist’s point of view, these 
are exciting results, because they provide 
a glimpse of nucleation in action by peer- 
ing into the critical size range below about 2 
nm. From the chemist’s perspective, however, 
mysteries still remain. What actually is the 
role of H,SO,, H,O, and the various poten- 
tial “helper” molecules, such as amines and 
organics, in the cluster regime between about 
0.5 nm, the size of a single H,SO, molecule, 
and the range above ~1.5 nm, where organic 
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molecules dominate growth, at least at this 
remote forest site? Laboratory experiments 
may be able to provide some answers. In the 
most sophisticated laboratory study of the 
nucleation process so far, researchers brought 
together H,SO, and organic molecules in the 
CLOUD (Cosmics Leaving Outdoor Drop- 
lets) chamber at CERN at environmentally 
relevant concentrations (see the figure, panel 
C). They followed, step-by-step, how molecu- 
lar species come together in orderly progres- 
sion and grow into clusters (3). The interplay 
of field and laboratory studies must continue 
in order to improve our understanding of the 
interface between molecules and particles. 
What makes “event” days different from 
“nonevent” days? Is it just the competition 
between the rate at which H,SO, molecules 
are produced and the speed at which the clus- 


IMMUNOLOGY 


ters and nucleating particles are consumed by 
preexisting particles before they can grow on 
their own? Or does the abundance and com- 
position of the “helper” molecules play a crit- 
ical role? Amines may play a role in binding 
the clusters together, at least in some environ- 
ments (4). “Organics” are important, espe- 
cially in the growth stage, but precisely what 
organics? Here is where the enigma of nucle- 
ation connects with the mystery of the chemi- 
cal processes that lead from volatile organic 
gases to organic aerosols in the atmosphere. 
Finally, how representative is a forest in 
the middle of Finland for the global atmo- 
sphere? We know, for example, that in the 
Amazon forest, nucleation almost never 
occurs (5). Solving the nucleation puzzle still 
requires pieces from a large variety of natural 
and human-influenced environments before 


Bacterial Escape Artists Set Afire 
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acteria can occupy multiple compart- 
B ments within host cells during infec- 

tion, including vacuoles (/). Some 
bacteria manage to escape from vacuoles and 
enter the cytosol. These so-called “cytosol- 
adapted” pathogens can sustain rapid growth 
in the nutrient-rich environment. Host cel- 
lular defenses that protect the cytosol from 
invading bacteria include phagosome repair 
mechanisms (2) and autophagy (/). On page 
975 of this issue, Aachoui et al. (3) report 
that the enzyme caspase-11 can also protect 
mice from a lethal infection by promoting a 
type of programmed cell death called pyrop- 
tosis, a response that may be a last line of 
defense against pathogens that escape into 
the cytosol. 

Caspases are cysteine proteases that 
have many roles, including the promotion 
of inflammation (4). The role of caspase-1 
in this context is well established. It is acti- 
vated by a multiprotein complex called an 
inflammasome that detects bacterial prod- 
ucts in the cytosol. Once activated, caspase-1 
processes proinflammatory cytokine precur- 
sors, prointerleukin1-f (pro-IL-1B) and pro— 
IL-18, into their active forms (4). Caspase-1 
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also triggers pyroptosis, a form of cell death 
characterized by cell swelling, loss of plasma 
membrane integrity, and cell lysis, with sub- 
sequent release of proinflammatory cyto- 
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we can understand the whole picture. This 
understanding is needed to assess the role that 
nucleation and new particle formation play in 
the budget of the atmospheric aerosol (6) and 
its impact on climate through its effects on 
cloud formation and the radiation budget (7). 
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An enzyme protects mice from bacterial 
infection by inducing pyroptosis, an 
inflammatory form of cell death. 


kines (5) (pyroptosis, translated from Greek, 
is “the falling of fire,’ referring to the release 
of proinflammatory factors). It was recently 
shown that caspase-11 triggers caspase- 
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Protection from pyroptosis. During infection, expression of caspase-11 is up-regulated through Toll-like 
receptor 4 and/or IFN-y receptor signaling. After bacterial escape from vacuoles, caspase-11 promotes pyrop- 
tosis, leading to bacterial clearance and host protection. It is unclear how caspase-11 detects cytosolic bacte- 
ria (dashed line), but a “noncanonical inflammasome” has been proposed. Caspase-1 activation by canonical 
inflammasomes also promotes pyroptosis under some conditions, in addition to mediating pro-inflammatory 


cytokine release. 
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1—independent pyroptosis, as well as cas- 
pase-1—dependent cytokine production, in 
response to Gram-negative bacteria (6—/ 0). 

Aachoui ef al. establish that cas- 
pase-11 has a protective role during infec- 
tion with cytosolic bacteria. The authors 
show that mice lacking both caspase-1 and 
-11 (CaspIlCasp11~) succumb to infec- 
tion by the cytosol-adapted Gram-negative 
pathogen Burkholderia thailandensis. By 
contrast, mice lacking functional inflamma- 
somes (through the deletion of genes encod- 
ing the inflammasome components NLRP3, 
NLRC4, and ASC), and that also have 
impaired IL-1 secretion, were resistant to 
B. thailandensis, indicating that resistance 
does not depend on cytokine secretion. The 
Casp1 Casp11~“ macrophages did not acti- 
vate cell death by pyroptosis in response to 
the bacterial infection, unlike macrophages 
lacking inflammasomes. Aachoui et al. dem- 
onstrate that caspase-11 is primarily respon- 
sible for pyroptosis and that Casp/1~ mice 
recapitulate the lethal phenotype of Casp1~ 
Casp11™“ mice with B. thailandensis infec- 
tion. Caspase-11—dependent pyroptosis 
resembled caspase-1—dependent pyroptosis, 
as judged by membrane damage as well as 
glycine sensitivity (glycine blocks ion fluxes 
in damaged eukaryotic cells, thereby pre- 
venting swelling and lysis in pyroptosis trig- 
gered by caspase-1). 

Aachoui et al. further support their find- 
ing that caspase-11 protects against cyto- 
solic bacteria by using the vacuole-adapted 
pathogen, Salmonella typhimurium. A 
mutant strain, AsifA, localizes to the cytosol 
because it does not secrete SifA, a “type 3 
secreted effector” protein that maintains the 
integrity of Salmonella-containing vacuole 
(11). Only in the presence of caspase-11 can 
the wild-type bacteria substantially outcom- 
pete the AsifA mutant. This implies that wild- 
type S. typhimurium residing in the vacuole 
that are not exposed to caspase-11 are pro- 
tected, whereas the cytosol-localized AsifA 
mutant is vulnerable to caspase-11 detection 
and subsequent elimination by pyroptosis. 

It is noteworthy that the authors observe 
induction of caspase-11 expression after 
priming by bacterial lipopolysaccharide 
(LPS) or interferon-y (IFN-y) a cytokine 
that is critical for immunity against intracel- 
lular bacterial infections. Caspase-11 may 
be constitutively active upon its expression 
(1/0). However, the finding that bacterial 
entry to the cytosol is required for induction 
of pyroptosis suggests that other signals are 
required for caspase-11 to execute its func- 
tion. Whether caspase-11 undergoes post- 
translational modifications or subcellular 
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targeting following bacterial escape into the 
cytosol is not yet known. 

Caspase-11 is now recognized as an 
important part of the inflammatory arsenal 
that can be either protective (3) or damaging 
depending on the physiological context of 
its activity (6, 7). Yet, the study of Aachoui 
et al. raises two major questions. What is the 
signal(s) that activate caspase-1 1? A “nonca- 
nonical inflammasome” has been proposed 
to activate caspase-11 (6), but no molecular 
players have yet been identified. And what 
are the substrates of caspase-11 that pro- 
mote pyroptosis? These gaps in understand- 
ing of caspase-11 function will be important 
topics for future studies. 

There is a dynamic interplay between 
caspases and bacterial pathogens. Some 
bacteria use caspases to promote their patho- 
genesis. For example, Listeria monocyto- 
genes exploits caspase-7 to repair bacteria- 
induced damage to the plasma membrane to 
preserve its replicative niche (/2). Similarly, 
S. typhimurium exploits caspase-3 to cleave 
and activate a virulence factor, SipA (/3). 
By contrast, other pathogens inhibit inflam- 
mosome activation to attenuate the immune 
response. Bacterial factors from Mycobac- 
terium tuberculosis and Yersinia pestis pro- 
mote their virulence by inhibiting inflam- 
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masome activation, thereby dampening 
their host’s immune response (/4, /5). In the 
case of Y. pestis, its type 3 secreted effector, 
YopM, sequesters caspase-1 into the nucleus 
where it can no longer interact with the 
inflammasome (/4). It remains to be eluci- 
dated whether some cytosol-adapted patho- 
gens, like L. monocytogenes and Shigella 
flexneri, have devised strategies to evade or 
exploit casapase-1 1—dependent pyroptosis. 
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Integrative Structural Biology 


Andrew B. Ward,' Andrej Sali,” lan A. Wilson"? 


Integrative approaches using data from a wide variety of methods are yielding model structures of 


complex biological assemblies. 


iological assemblies and machines 
Be elude structural characteriza- 

tion, hampering our understanding of 
how they function, how they evolved, and how 
they can be modulated. A number of macro- 
molecular assemblies have been reconstructed 
over the years by piecemeal efforts, such as 
fitting high-resolution crystal structures of 
individual components into lower-resolution 


‘Department of Integrative Structural and Computational 
Biology, International AIDS Vaccine Initiative (IAVI) Neu- 
tralizing Antibody Center, and Center for HIV/AIDS Vac- 
cine Immunology and Immunogen Discovery (CHAVI- 
ID), Scripps Research Institute, La Jolla, CA 92037, USA. 
*Department of Bioengineering and Therapeutic Sciences, 
Department of Pharmaceutical Chemistry, and California 
Institute for Quantitative Biosciences (QB3), University of 
California, San Francisco, CA 94158, USA. *Skaggs Institute 
for Chemical Biology, Scripps Research Institute, La Jolla, 
CA 92037, USA. E-mail: abward@scripps.edu 


electron microscopy (EM) reconstructions of 
the entire complex (/). Although notable suc- 
cesses have been achieved in this way, ambig- 
uous or conflicting models can still arise (2— 
4). Thus, structural and computational biolo- 
gists have been looking for new ways to put all 
of the pieces back together. Sophisticated inte- 
grative approaches are being developed (5, 6) 
that combine information from different types 
of experiments, physical theories, and statisti- 
cal analyses to compute structural models of 
multicomponent assemblies and complex bio- 
logical systems. 

In addition to the conventional biophysi- 
cal techniques of x-ray crystallography, 
nuclear magnetic resonance (NMR) spectros- 
copy, EM, and small-angle x-ray scattering 
(SAXS), a growing number of experimen- 
tal methods can also provide valuable infor- 


913 


a PERSPECTIVES 


914 


Spatial restraints 


Proteomics, 
mass spectrometry 


Components 


Electron 
microscopy 


“Sampling and analysis 


ES 


Cross-linking ' 


Small-angle 
x-ray scattering 


eee 


Bioinformatics, 
physics 


Copurification 


_ <a 


Model 


Complex structure solutions. Models of macromolecules and their complexes can be constructed by com- 
bining different types of information generated by various experimental and theoretical techniques (gray 
box). The data are converted into spatial restraints, which are combined into a scoring function that guides 
sampling algorithms to obtain a detailed structural model. 


mation about the structures and dynamics of 
proteins and their assemblies. These meth- 
ods include sequence comparisons of related 
proteins, copurification, hydrogen-deuterium 
exchange mass spectrometry (HDXMS), 
single-molecule fluorescence, atomic force 
microscopy, analytical spectroscopy (both 
electron paramagnetic resonance and double 
electron-electron resonance), light scattering, 
chemical cross-linking, and mutagenesis (see 
the figure). 

The individual pieces of data gathered 
using different techniques can provide invalu- 
able restraints on the conformation, posi- 
tion, and orientation of the components in an 
assembly or biological system (5). Relative to 
the use of any single set or type of data, simul- 
taneous use of all such restraints can mark- 
edly improve the accuracy, precision, and 
completeness of a model, especially when 
high-resolution structural data on the entire 
complex are not available. 

Because of the many degrees of freedom 
in macromolecular structures and the dif- 
ficulty of combining disparate data, models 
must be computed with algorithms that sam- 


ple as many potential solutions as possible 
given the computing power available. These 
algorithms are driven by a scoring function 
consisting of the individual spatial restraints 
and are analogous to methods used in x-ray 
crystallography and NMR spectroscopy, 
which also generate models by minimizing 
differences between experimental data and 
data calculated from a model. Assessing how 
to best combine and weigh different types of 
data from multiple sources is a prerequisite 
for constructing structural models of increas- 
ingly larger and more dynamic macromolec- 
ular complexes. 

A useful test of a model is whether it 
explains all data points within their own error 
bars and whether the entire data set is redun- 
dant, meaning that a subset of the data can 
be omitted without any significant impact on 
the model. In such a case, the confidence in 
the model, the data, and the parameters used 
for modeling can be high. When a subset of 
the data points cannot be satisfied by a single 
model because the data were collected from 
a heterogeneous sample and/or the data are 
noisy, more sophisticated methods for com- 


bining individual restraints are needed. In such 
cases, emphasis is placed on evaluating mod- 
els in an objective manner, using Bayesian (7) 
and other statistical methods that explicitly 
take into account the noise in the data and/or 
multiple structural states in the sample. 

Integrative, restraint-based approaches 
can be used whenever a challenging struc- 
tural biology problem is encountered, from an 
individual protein to a small macromolecular 
machine to a large multicomponent cellular 
assembly. Thus, integrative approaches span 
wide resolution ranges and bridge observa- 
tions made from the atomic to the cellular 
level. The following three examples illustrate 
the power of these new methods in generating 
models at different levels of resolution. 

Some of the most successful applications 
of integrative approaches have resulted from 
combining sparse experimental observa- 
tions with computation to generate atomic- 
level models of macromolecules. Rosetta 
(8), a platform for modeling protein struc- 
tures, works by exhaustive calculations 
under a set of assumptions about the under- 
lying geometry and chemistry of peptides. 
These assumptions reduce the nearly infinite 
sampling necessary to fold a one-dimen- 
sional sequence of amino acids into a three- 
dimensional shape. Experimental restraints 
from NMR (9) or EM (/0) can further nar- 
row the search and help to converge on more 
accurate models. For example, Loquet et al. 
used solid-state NMR, EM, and Rosetta to 
build an atomic-level model of the bacte- 
rial type II secretion needle used to inject 
its proteins into host cells (77). The model 
revealed details of the supramolecular inter- 
faces of the component protomers, pro- 
viding a structural understanding of this 
machine that had eluded characterization by 
single techniques. 

Two recent independent studies of the 
molecular architecture of the 26S proteasome 
exemplify the value of integrative approaches 
for medium-resolution structures. Lander ef 
al. combined EM reconstructions and x-ray 
crystal structures (/2), whereas Lasker ef 
al. used restraints from a variety of data sets 
(EM, x-ray crystallography, chemical cross- 
linking, and proteomics) and employed the 
Integrative Modeling Platform package (6, 
13) to build an almost identical model of the 
26S proteasome (/4). Lasker ef al.’s model 
was further tested by systematically remov- 
ing some input data, recalculating a model, 
and assessing it against the omitted data. 
Although neither model resolved all inter- 
actions at an atomic level, they provided a 
detailed understanding of the arrangement of 
the component subunits and were therefore 
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extremely informative about the evolution 
and function of the 26S proteasome. 

At low resolution, chromatin has also been 
modeled through integrative approaches. 
In this way, Duan et a/. constructed a three- 
dimensional model of the yeast genome (/5), 
uncovering the topology and spatial relation- 
ships of different chromosomal elements. 
For this study, the restraints were garnered 
from cross-linking, restriction enzyme diges- 
tion, ligation, and deep sequencing, thereby 
revealing the three-dimensional structure of 
the genome at a level of detail not accessible 
to any conventional imaging method typi- 
cally used to study assemblies of this size. 
These inferential, cellular-scale approaches 
enable comparison of normal and aberrant 
cells and may eventually serve an important 
diagnostic role in medicine. 

As integrative methods evolve, structural 
models can then be revisited and new data 
incorporated, so that the model can be contin- 
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uously improved and revised using the latest 
information (/3). Integrative software tools 
should therefore be flexible enough to incor- 
porate new data and/or restraints. The Protein 
Data Bank (www.pdb.org) is facilitating this 
process by acting as a curator for a variety of 
structural data from different methods as well 
as models based on these data. 

Any experimental observation can in prin- 
ciple be converted into a restraint for build- 
ing ever more complex models. The reach 
and impact of structural biology can thus be 
extended to a wider and more diverse audi- 
ence. Using these new computational and 
bioinformatics approaches to collect and 
integrate diverse pieces of structural and 
experimental data, Humpty Dumpty can be 
put back together again. 
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Preservation of Recalcitrant Seeds 
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oncerns about the rapid erosion of 

plant diversity have spawned a host 

of seed-banking initiatives (/). These 
repositories provide critical germ plasm 
needed to understand, maintain, and manage 
natural variation within and among species 
(2). However, numerous plant species and 
much of the humid tropics are underserved 
in these endeavors because of the perceived 
problem of seed recalcitrance (3). About 75 
to 80% of angiosperm species (4, 5) produce 
orthodox seeds that can survive drying and 
prolonged storage at —20°C. By contrast, 
5 to 10% of angiosperm species produce 
recalcitrant seeds that do not survive desic- 
cation (3) and are killed in the freezer when 
ice crystals form. How can their preserva- 
tion be ensured? 

These seeds are called recalcitrant 
because they die rapidly when treated under 
the same genebanking conditions used to 
store orthodox seeds. Recalcitrant seeds, 
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like most living organisms but unlike ortho- 
dox seeds, need water to survive. By nature, 
recalcitrant seeds are short-lived; they 
either germinate or are eaten by animals 
in the wild (3). “Intermediate” seeds, pro- 
duced by 10 to 15% of angiosperm species 
(4), withstand sufficient dehydration to pre- 
vent formation of lethal ice; nevertheless, 
their seeds are short-lived in the freezer for 
unknown reasons (6). 

The misperception that recalcitrant seeds 
cannot be stored arises from the assumption 
that there is only one storage strategy at our 
disposal—standard freezers—to manage the 
wide variation in storage physiology exhib- 
ited by plant seeds. In reality, long-term stor- 
age of recalcitrant and intermediate seeds 
(or seed parts) is possible with cryogenic 
technologies (7—9). Because cryogenic stor- 
age requires specialized infrastructure and 
personnel and is costly, most genebanks, 
even some of the newer ones, invest only in 
freezer storage. 

Cryopreservation involves storage at 
ultralow temperature, often in liquid nitro- 
gen (—196°C) (7-9). Rapidly advancing 
methods can be used to essentially stop 
water from freezing within recalcitrant 
seed cells and obviate lethal freezing dam- 
age (3, 7-9). The technology requires care- 
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Cryogenic technologies help to preserve plant 
biodiversity in seed banks, particularly in the 
tropics. 


fully dehydrating tissues and cooling them 
extremely rapidly (7). Small samples are 
required to obtain diffusion and heat trans- 
fer rates needed to prevent ice formation (7). 

The problem is that recalcitrant seeds tend 
to be large compared with orthodox or inter- 
mediate seeds (see the figure) (5). In fact, 
most recalcitrant seeds are far too large to be 
rapidly dehydrated or cooled effectively when 
exposed to liquid nitrogen. The major break- 
through that led to successful cryopreserva- 
tion of recalcitrant germ plasm was the abil- 
ity to surgically dissect out the growing por- 
tion of the seed (termed the embryonic axis) 
and germinate it in vitro (/0). Recovery may 
be enhanced by exposing embryonic axes 
to cryoprotectants (substances that protect 
against dehydration and freezing damage) (8, 
9) and reducing stress-related free radical— 
mediated damage (//). 

Cryogenic technology has been success- 
fully refined for embryonic axes of a spec- 
trum of temperate recalcitrant-seeded spe- 
cies (8). Intermediate seeds are smaller and 
drier and do not even require these exact- 
ing preparations. However, unmet chal- 
lenges still limit successful cryopreserva- 
tion of embryonic axes of some recalcitrant 
seeds from the tropics and subtropics (//). 
The seeds of these species have embryonic 
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Preservation challenge. Examples of recalcitrant (avocado, middle), intermediate (papaya, left), and 
orthodox seeds (melon, right). The avocado fruit has a single large seed with a visible embryonic axis (arrow) 
that continues to grow and germinate within the seed after the fruit is shed. Melon and papaya seeds can be 
separated from the fruit and dried to maintain viability in the freezer (melon) or in liquid nitrogen (papaya). 
Similar treatment is lethal to avocado. 


axes that are metabolically active and poised 
for quick germination. Several species have 
large embryonic axes that place constraints 
on diffusion and energy exchange rates. 
Encouragingly, though, greater cryopreser- 
vation success for axes of these species is 
forthcoming through research to reduce 
excision damage, lower metabolic activity, 
and increase totipotency of small axis sec- 
tions. This research should be prioritized to 
meet urgent conservation challenges. 

In addition to misperceptions about 
the futility of genebanking recalcitrant 
seeds, delays in plant genebanking initia- 
tives—often in areas with especially high 
levels of endemism and rarity—also arise 
from an assumption that most plants from 
warm, humid climates produce recalcitrant 
seeds. Globally, 20 to 25% of angiosperm 
and gymnosperm species produce non- 
orthodox seeds (4, 5). However, in tropi- 
cal evergreen rainforests, up to 47% of the 
indigenous flora is hypothesized to produce 
recalcitrant seeds (5, /2, /3). Confirming 
these estimates will require extensive sur- 
veys of the postharvest physiology of seeds 
from various regions. Such surveys for the 
Hawaiian Islands revealed that only ~3% of 
the endemic species actually produce recal- 


citrant seeds (/4). Concerted efforts are 
now finally under way to bank seeds of this 
highly imperiled flora. 

The condition of seed recalcitrance can 
confound additional challenges of conserv- 
ing genetic diversity of wild plant species ex 
situ. For example, wild populations are often 
remote, and individuals within populations 
may be separated by large distances. Flow- 
ering, seed fill, and fecundity can be highly 
variable, making it difficult to obtain sam- 
ples of the desired size or quality (/5, /6). 
Repeated sampling is therefore necessary to 
acquire genetically representative samples 
ex situ. Cryopreservation, then, becomes the 
vehicle to store germ plasm while adequate 
collections can be made to serve the pur- 
poses of conservation. 

Many species producing recalcitrant 
seeds are trees (5), and genetic diversity of 
tree species is especially difficult to main- 
tain ex situ. Regeneration of dwindling 
or aging germ plasm from trees requires 
more land and time as a result of their large 
size and extended juvenility period. Also, 
for many plant groups but especially for 
trees, preventing hybridization with closely 
related species may require controlled polli- 
nations to maintain taxonomic identity and 


traits in offspring populations. Seed bank- 
ing using cryopreservation extends lon- 
gevity, thereby reducing the frequency of 
regeneration and risks of genetic erosion. 
Knowledge of the population structure (/6) 
and additional cryopreserved collections 
of pollen and other tissues as germ plasm 
(17, 18) can be invaluable tools to optimize 
space and maintain genetic diversity in tree 
species. Effective ex situ conservation for 
plants must make use of the full array of 
genebanking tools. 

The cryogenic storage of nonorthodox 
germ plasm is considerably more costly 
than the more conventional freezer storage 
used for orthodox seeds. Nevertheless, cryo- 
preservation is far less expensive and safer 
than the alternative approach of maintaining 
these genetic resources as growing plants in 
tissue culture, greenhouses, or field plantings 
(19, 20). Also, once embryonic axes are cryo- 
banked, maintenance costs are fairly low (19, 
20). Cryopreservation thus represents the 
most efficient method to preserve viability of 
genetically diverse populations (8). 
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APPLIED PHYSICS 


Graphene Nanophotonics 


F. Javier Garcia de Abajo 


anophotonics—the control of light 
N: nanometer scales—has pro- 

duced some amazing feats dur- 
ing the past two decades, using light to trap 
and manipulate small objects such as living 
cells, to propagate and process information 
faster than conventional electronic comput- 
ers, and to reveal the presence of minute 
amounts of hazardous substances and patho- 
genic agents. Advances in precise nano- 
fabrication and self-assembly have enabled 
the routine production of engineered nano- 
structures that can confine light to regions 
much smaller than the optical wavelength, 
thus enhancing the light intensity by sev- 
eral orders of magnitude at designated loca- 
tions. To complete the picture, fast ways of 
modulating the optical response of these 
nanostructures have been pursued, but with 
mixed success only. The availability of new 
materials with novel photonic properties is a 
welcome stimulus to this challenging task, 
with graphene—a one-atom-thick layer of 
carbon atoms—offering great prospects for 
meeting these challenges. 

Although high-quality graphene has 
been available for less than a decade, it 
has already made an impressive debut in 
nanophotonics. In addition to its ability to 
confine light to small volumes, its optical 
response can be modulated by subjecting it 
to electrical potentials, thereby allowing the 
manipulation of light at fast microelectron- 
ics speeds. Graphene can be integrated into 
devices operating under ambient conditions, 
it is structurally robust, it is electrically and 
chemically tunable, it exhibits an unusually 
strong nonlinear response, it can act both as 
a highly transparent thin conductor and as 
a perfect light absorber (depending on how 
it is prepared), and it is widely available 
in high quality at moderate cost. For these 
reasons, graphene has raised high expecta- 
tions for its exploitation in a vast range of 
nanophotonic devices (/) and for the devel- 
opment of a new paradigm of tunable pho- 
tonic structures that can control and process 
optical signals (2). Funding at an unprece- 
dented level is being committed to support 
and extend these efforts (3). 
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The optical potential of graphene is per- 
haps best exemplified by the exotic proper- 
ties of its collective electronic excitations, 
also known as plasmons. The existence of 
graphene plasmons has been established by 
the spectral signatures that they produce in 
the scattering of light from nanopatterned 
graphene ribbons (4). Direct spatial map- 
ping of plasmons has also been achieved 
through the use of near-field optical probes 
(5, 6). In contrast to conventional plasmon- 
supporting materials, such as gold, graphene 
must be electrically charged (that is, doped 
with positive or negative charge carriers) if 
it is to sustain low-energy plasmons. But 
rather than a limitation, this allows tuning 
of the plasmon frequencies, which increase 
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Graphene allows us to control light in 
innovative ways, providing the prospect 
of unprecedented nanophotonic devices. 


with the density of doping charge carriers. 
Using microelectronic gates to supply those 
carriers, we can manipulate light scattered 
or trapped by plasmons faster than ever 
before (5, 6) (see the figure, panel A). We 
thus have at our disposal a powerful tool for 
designing optical modulators, which cur- 
rently rely on alternatives that are too slow 
(liquid crystals) or too bulky and expensive 
(nonlinear devices). 

In addition to its electrical tunability, 
which provides a suitable tool for ultrafast 
electro-optics, graphene offers a remark- 
able versatility with respect to control of its 
optical properties. For example, application 
of strong magnetic fields leads to the for- 
mation of terahertz magnetoplasmons (7). 


Intensity/phase/color changes 
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Light source 
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The graphene nanophotonics landscape. (A) Light modulation of the optical response of graphene is real- 
ized by applying voltages through electrical gates (4-6). (B) Molecular detection is accomplished through the 
modifications in the optical response associated with changes in the concentration of charge carriers (9). (C) 
Measurement of the electrical current modulated by photon absorption leads to efficient light detection (11, 
12). (D) Light harvesting occurs when the energy of absorbed photons is converted into charge carriers that 


are separated by doped gates to generate a net current. 
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Chemical doping is another option that has 
been successfully used to tune plasmons in 
graphene microstructures (8). In a related 
development, changes in the electronic 
properties of the carbon layer have been 
used to monitor single molecules (9), which 
could also be observed optically (see the 
figure, panel B). 

A promising approach toward light 
modulation consists of decorating plas- 
monic nanostructures with graphene (/0). 
The small changes produced in the optical 
response of the carbon layer upon electri- 
cal doping can be amplified by the resonant 
plasmonic structure. Combined with electri- 
cal detection, nanoparticle plasmons have 
been used to achieve nanoscale spectral pho- 
todetectors (//); efficient terahertz detec- 
tion has also been demonstrated by combin- 
ing graphene with suitably designed anten- 
nas (/2) (see the figure, panels C and D). 

The unconventional electronic band 
structure of graphene, characterized by a 
constant product of electron energy and 
wavelength, makes it strongly nonlinear 
(/3) and provides extra functionality—the 


ability to control light by light. A quantum 
mechanical approach to this goal could 
exploit the extremely high optical confine- 
ment and enhancement associated with gra- 
phene plasmons (/4), possibly leading to a 
robust and viable solid-state implementa- 
tion of devices that can process information 
encoded as quantum states of light. 
Advances in graphene nanophotonics 
are rapidly configuring a new landscape of 
unsuspected achievements and possibili- 
ties. The extraordinary optical nonlinearity 
and fast modulation of graphene are trig- 
gering novel applications in a field that is 
replete with challenges and opportunities. 
A remaining goal is to extend the spectral 
region of tunable graphene optical response 
from the infrared toward the visible and 
near-infrared, where it can find a larger 
range of applications to optical modulation, 
spectral light detection, and sensing. These 
advances will benefit from the outstand- 
ing quality of currently available graphene, 
although new fabrication methods need 
to be devised in order to retain such qual- 
ity after nanostructuring and manipulation 


of the carbon layer. The availability of new 
atomically thin structures (/5) may catalyze 
the extension of graphene-optics phenom- 
ena to other platforms, while opening new 
areas of research into the symbiotic relation 
between the electronic and photonic behav- 
ior in these materials. 
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Food as a Hormone 


Karen K. Ryan and Randy J. Seeley 


iet has an enormous impact on many 
De of our health, yet scientific 

consensus about how what we eat 
affects our biology remains elusive. This 
is especially true with respect to the ongo- 
ing debate about obesity. While many in the 
scientific community focus on how high- 
fat diets can lead to increased body weight 
(/), others assert that we should blame pro- 
cessed carbohydrates (2). Is it possible that 
this focus on macronutrients (i.e., fats, pro- 
teins, and sugars) is misplaced? 

Much of the recent public discourse 
about the interaction between food and met- 
abolic health relies on two basic approaches 
(see the figure). One is nutritional epidemi- 
ology, in which populations of people who 
eat different foods are compared with regard 
to indices of health such as body weight, 
with a goal of determining which diets are 
more or less “healthy.” The other is bio- 
chemistry, in which the goal is to determine 
how different macronutrients are processed 
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to yield energy. Despite valuable informa- 
tion provided by these two approaches, nei- 
ther has resulted in a translatable scientific 
basis for recommending diets that improve 
metabolic health or reduce body weight for 
a large percentage of the affected popula- 
tion, perhaps because considering food only 
in terms of its macronutrient content over- 
looks the complexities of how food inter- 
acts with our bodies. 

A growing body of evidence suggests 
an alternative perspective. That is, circulat- 
ing substrates derived from food have spe- 
cific direct and indirect actions to activate 
receptors and signaling pathways, in addi- 
tion to providing fuel and essential micro- 
nutrients. Ultimately food can be considered 
as a cocktail of “hormones.” A hormone is a 
regulatory compound produced in one organ 
that is transported in blood to stimulate or 
inhibit specific cells in another part of the 
body. Hormones exert their effects on target 
tissues by acting on cell-surface receptors to 
alter activity through intracellular signaling 
cascades or via nuclear receptors to regu- 
late gene transcription. Although food is not 


Nutrient substrates derived from food can 
activate intracellular signaling cascades to 
regulate metabolic health. 


produced in the body, its components travel 
through the blood, and nutrient substrates 
can act as signaling molecules by activating 
cell-surface or nuclear receptors. 

As an example, nutritional epidemiology 
has touted the benefits of eating omega-3 
fatty acids to protect against cardiometa- 
bolic syndrome and weight gain (3). Yet 
simple biochemistry cannot satisfactorily 
explain why omega-3 fatty acids should 
lead to benefits compared to other fatty 
acids. Omega-3 fatty acids bind to and acti- 
vate the cell-surface receptor GPR120 (4), 
which is expressed in important metabolic 
tissues including adipose tissue and mus- 
cle. Reduced GPR120 signaling is associ- 
ated with inflammation, weight gain, and 
impaired glucose control in both mice and 
humans (4, 5). Thus, to generate the full 
spectrum of beneficial effects on vascular 
disease risk, ingested omega-3 fatty acids 
are not simply processed to generate energy, 
but additionally act via GPR120 in key tis- 
sues to improve metabolic endpoints. 

Whereas activating GPR120 appears 
to protect against weight gain, other lipid- 
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Making sense of what we eat. Nutritional epidemiology and biochemical approaches, focusing primarily on 
the relationship between macronutrient consumption and metabolic outcomes, have not provided a translat- 
able scientific basis to recommend diets that improve metabolic health for a broad range of people. Alterna- 
tively, understanding our diets as a collection of signaling molecules, having hormone-like actions via cell- 
surface and nuclear receptor signaling, may provide new insights into the relationship between what we eat 
and metabolic disease. Moreover, this framework may eventually allow us to make dietary recommendations 
from the bottom up—based on the ability of specific foods to alter relevant signaling pathways. 


activated receptors exert the opposite effect. 
Peroxisome proliferator—activated receptor 
y (PPAR), for example, is a nuclear recep- 
tor that is activated by a variety of fatty 
acids and regulates transcription of genes 
important for lipid and glucose metabolism. 
Increasing PPAR activity with pharmaco- 
logical agonists enhances lipid storage in 
adipose tissue, and also acts in the brain to 
cause hyperphagia, dual actions that pro- 
mote accretion of body fat (6—8). Consis- 
tent with this, reducing PPARy activity in 
the brain decreases consumption of high- 
fat diets, thereby blunting weight gain (6, 
8). These studies lay the groundwork for 
understanding how components of high- 
fat diets cause overconsumption and weight 
gain by activating specific fatty acid recep- 
tors in the brain. 

In addition to acting directly on these 
specialized fatty acid receptors, there is 
evidence that some dietary fatty acids also 
modify the actions of classical hormones. 
For example, the stomach-derived hormone 
ghrelin increases food intake and weight 
gain by binding to its receptor, growth hor- 
mone secretagogue receptor (GHSR). How- 
ever, for ghrelin to signal effectively, a fatty 
acid must first be attached to the peptide as 


a side chain. Different fatty acid side chains 
derived from different dietary fats change 
the ability of ghrelin to increase food intake 
(9). These fatty acid side chains come from 
ingested food rather than from adipose tis- 
sue (/0). In this way, specific dietary com- 
ponents can exert hormone-like metabolic 
effects by physical interaction with a pep- 
tide hormone. 

Fatty acids are not the only direct source 
of “hormones” in our food; certain amino 
acids can also activate signaling pathways. 
The most-studied are the branched-chain 
amino acids including leucine, which acti- 
vates the mammalian target of rapamycin 
(mTOR) pathway. mTOR is a serine-threo- 
nine kinase that regulates cell-cycle progres- 
sion, growth, and insulin action (//). Leu- 
cine directly activates the mTOR pathway 
in the central nervous system to reduce food 
intake and body weight (/2, /3). 

Food components also interact with gut 
flora to induce indirect signaling cascades 
within the body. For example, nondigestible 
complex carbohydrates, including dietary 
fiber, are metabolized by the gut microbi- 
ota and fermented to short-chain fatty acid 
(SCFA) end products—amainly acetate, pro- 
pionate, and butyrate (/4). These SCFAs 
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bind to and activate cell-surface recep- 
tors free fatty acid receptor 2 (FFAR2) and 
FFAR3 to alter host metabolism. For exam- 
ple, FFAR2 and 3 are expressed on entero- 
endocrine L cells that produce the incretin 
hormone glucagon-like peptide—1 (GLP-1). 
Stimulation of L cells with SCFA induces 
GLP-1 secretion, but this effect is dimin- 
ished in the absence of FFAR2 or, to a lesser 
extent, FFAR3 (/5). Acetate and propio- 
nate also activate FFAR2 on adipocytes to 
increase expression of the weight-reducing 
hormone leptin. In this way, specific dietary 
carbohydrates, modified by the gut microbi- 
ota, can signal at specific receptors to alter 
whole-body energy and glucose metabolism. 

Viewing food as a hormone could sub- 
stantially influence how we make dietary 
recommendations to promote health or 
treat specific diseases. Rather than using 
only nutritional epidemiology to identify 
what healthy people consume, we may be 
able to design diets from the bottom up— 
based on their ability to alter signaling 
pathways in specific tissues that we know 
are linked to metabolic disease. In addition, 
this framework suggests that the argument 
over whether fat or sugar is to blame for 
the increasing incidence of obesity may be 
misguided. Macronutrients are classified by 
their energy-yielding biochemical proper- 
ties, not by their ability to activate receptors 
in a manner similar to that of a hormone. It 
may be more productive to examine the sig- 
naling properties of a given diet to under- 
stand whether it will promote weight gain 
or weight loss. Identifying these food- and 
food metabolite—receptor interactions will 
provide new opportunities to understand the 
relationship between what we eat and dis- 
eases including obesity. 
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Mars Student Imaging Project: Real 
Research by Secondary Students 


Sheri Klug Boonstra* and Philip Christensen 


group of scientists gather excit- 
As as their image arrives from the 

Thermal Emission Imaging System 
(THEMIS) camera on NASA’s Mars Odys- 
sey orbiter. They eagerly pore over the image 
they targeted to answer a scientific question 
about the Red Planet. Working together, the 
team measures, analyzes, and discusses rela- 
tions among surface features, as they seek to 
answer their research question. 

Sounds like Ph.D.’s in a NASA lab, but it 
isn’t. Instead, it’s a group of secondary stu- 
dents in their classroom learning how science 
is done by conducting research using real data 
they acquired from Mars. Funded by NASA’s 
Mars Public Engagement Program and the 
NASA Mars Exploration Program Office, the 
Mars Student Imaging Project (MSIP) is led 
by the Arizona State University (ASU) Mars 
Education Program under the direction of the 
Principal Investigator of the THEMIS camera. 

MSIP began in 2002, and more than 
35,000 students have participated. With a 
focus on Mars, which appeals to many stu- 
dents, MSIP is an immersive and transfor- 
mational way (/, 2) for students in grades 5 
through early college to learn the scientific 
process through authentic research experi- 
ences (3). The project is inquiry-based and 
student-centered, which means that students 
create and investigate their own research 
question about the Martian surface. This proj- 
ect engages them in the real process of sci- 
ence, replacing traditional worksheets with 
the collection and analysis of actual data from 
their own, targeted image of Mars. 

The MSIP curriculum evolves to stay in 
step with the changing needs of science class- 
rooms (2). Changes are based on feedback 
from teachers and students, professional eval- 
uations, emerging national education stan- 
dards (specifically the Next-Generation Sci- 
ence Standards), and changes in technology. 
MSIP reflects educational best practices and 
integrates education research. The lessons 
were developed to follow the Biological Sci- 
ences Curriculum Study (BSCS) 5E inquiry 
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Students collaborating on Mars image analysis activity (phase 


1 of the Mars Student Imaging Project). 


instructional model and enable teachers and 
students without deep knowledge of plane- 
tary geology to have successful experiences 
(4). The project is flexible and connects with 
the traditionally taught disciplines, such as 
earth science, biology, and chemistry (3). To 
support educators wishing to integrate MSIP 
into their teaching, the ASU Mars Education 
Team provides online training in the lesson 
components tailored to meet individual needs, 
and team members are available to educators 
through virtual office hours. 

MSIP students experience five main 
phases (/) in the project, beginning with the 
Mars image analysis phase (/, 2, 4). In this 
phase (see the photo, above), student teams 
work collaboratively with THEMIS images 
to identify common geologic features found 
on Mars and to develop a natural curios- 
ity for these features and the processes that 
shaped them. This curiosity leads to student- 
generated ideas and questions shared with the 
entire team on topics such as wind streaks, 
landslides, collapsed lava tubes, dust devil 
tracks, lava flows, streamlined islands, cha- 
otic terrain, channels, and dunes. 

As students become engaged in the vari- 
ous observations, they become “student 
experts” in their topics of interest. They learn 
to make scientific observations while absorb- 
ing background information that can lead to 
measurable research questions (4). During the 
next phase, proposal development, each team 
develops a research question and articulates 


The Mars Student Imaging Project, an IBI 
prize-winning module, provides student access 
to NASA scientists and spacecraft data. 


a testable hypothesis. This step 
is usually difficult because few 
have ever done it. The Question 
Mars activity was developed to 
aid this process. Student teams 
begin with a “big-picture ques- 
tion,” such as “Why do some 
craters show the lobate debris 
aprons while others don’t?” 

Teachers are encouraged 
to help move from a general 
question by prompting them to 
develop working hypotheses. 
Next, the students collaborate 
to establish data-collection pro- 
cedures, controls, and criteria. 
The team makes observations 
to determine where on Mars the 
features of interest occur, how measurements 
will be taken, what data will be recorded, and 
what tools will be needed. 

The opportunity to struggle with these 
steps is crucial to inquiry learning (/—3). 
Students take ownership in developing their 
hypothesis, setting up procedures for data 
collection and analysis, and formulating 
their “why-this-is-compelling” discussion 


Westhill High School 


MSIP student team’s research image. 
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into a formal proposal requesting THEMIS 
to take their image of Mars. Creating this 
proposal is an authentic scientific experi- 
ence, as teams submit a proposal in a man- 
ner that parallels guest observers requesting 
time on NASA instruments. 

Once the ASU Mars Education Program 
reviews, provides feedback, and accepts the 
team’s proposal, the students enter the tar- 
geting phase, which consists of using the 
Java Mission-planning and Analysis for 
Remote Sensing (JMARS) tool to target 
(aim) the THEMIS camera at their chosen 
research location on Mars (see the photo, p. 
920, bottom). JMARS is the same high-tech 
geographic information system platform 
used by the Mars science community to tar- 
get research images and to study the martian 
surface. JMARS enables students to corre- 
late their target area with other data sets in 
the same area taken during past or current 
Mars missions. Students look for surface 
features that connect to their research ques- 
tion, determine the exact location for their 
image, and communicate this information 
to the THEMIS mission planners. Student 
teams are given a specific number of orbits 
and target their image using JMARS and 
the actual orbit track of the Odyssey space- 
craft. The student team typically assigns 
individual team members to collect data in 
a specific area pertaining to their focused 
research, which makes establishing criteria 
for data collection extremely important. 

After the team receives its THEMIS image, 
they move on to the data analysis phase. Here, 
they interpret the image, collect additional 
data, display the data in graphical form, and 
draw conclusions. 

As they analyze, the team is encouraged 
to use JMARS to obtain additional images 
relating to their research. The team then com- 
bines and reviews the data, identifies poten- 
tial errors, and uses appropriate tools to visu- 
alize the data (e.g., graphs and tables). Teams 
are urged to create a wide variety of graph 
types to view their collected data, as this pro- 
cess may lead the team to discover other pos- 
sible relationships in their data. Students are 
also asked to investigate “data outliers” that 
may extend the research in new directions. 

Student-generated questions and research 
can lead to open-ended results, with many 
possible answers. The student team collabo- 
rates to determine the answer supported by 
their research and they must provide evidence 
from the research to support a claim. Typically, 
this step in the project is done in a collabora- 
tive, idea-sharing environment. The claim or 
evidence model is a necessary part of vetting 
results before the team presents the findings to 
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Mars scientists at the symposium phase. 

The project culminates when student 
teams interact with ASU Mars scientists dur- 
ing the final report and symposium phase. 
Because MSIP is offered in two formats, on- 
site and distance learning, students across the 
United States are able to participate in this 
phase. The on-site option is a 2-day program 
in which student teams complete their pro- 
posal and targeting at their own school. They 
then travel to ASU to work with Mars Educa- 
tion staff and scientists to finish the research 
and present their final project in a symposium 
to several Mars scientists face-to-face. The 
distance learning option involves a minimum 
of two live sessions: an online meeting to 
present the proposal and a final virtual meet- 
ing for the symposium with Mars scientists. 
Scientists involved in MSIP help the teams by 
vetting the students’ approach and data. They 
probe the students’ reasoning and discuss their 
findings. Some MSIP student projects have 
resulted in scientific discoveries (5), technical 
publications (6), and poster sessions at techni- 
cal conferences (7). 

MSIP provides an authentic research expe- 
rience where students have access to real data 
sets from which many different questions can 
be asked. Working from a question they gen- 
erate themselves, MSIP participants learn 
that, in science, it is the evidence and defen- 
sible interpretation through discourse that will 
determine the answer. Although the partici- 
pating students are not Ph.D.’s ina NASA lab, 
they become scientists, nevertheless. 
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Phillip A. Sharp: Supporting Science 
and Engineering as Innovative Forces 


Phillip Sharp takes his responsibilities as 
a role model seriously, from speaking in 
schools about his childhood interest in sci- 
ence on a Kentucky farm, to posing with 
rock stars in the pages of GQ to raise interest 
in cancer research. 

The magazine spread has brought him 
more attention than his 1993 Nobel Prize, 
“but I was pleased to do it,” he said during a 
recent interview. “I think any time scientists 
are presented as being engaged in society, 
understanding what’s going on in society, and 
in a positive mode, it’s a big plus for science.” 

Sharp’s career has followed a trajectory 
that might itself serve as a model for the future 
of science, with an emphasis on interdisciplin- 
ary research, innovation, and the translation 
of scientific discovery. As the MIT molecular 
biologist and biochemist assumes the AAAS 
presidency, he sees a prominent leadership 
role for the organization in these areas. 

In particular, Sharp said, “AAAS will need 
to be at the center of the debate on R&D sup- 
port in the next few years, and I am ready to 
help play a role as a science and engineering 
advocate.” He praised AAAS for the work it 
has already done to highlight the connections 
between science funding and global economic 
growth. “We cannot let that slip, because if we 
do, we’re going to pay the price for the next 
30 years,” he said. “And every person in this 
country is going to pay the price, because the 
jobs aren’t going to be there.” 

Science funding will be a challenge “in 
almost every developed and developing 
country” as well, Sharp said. AAAS could 
play a vital role in addressing some of these 
challenges, he noted, drawing on the strong 
collaborations it has established with inter- 
national scientists and scientific societies. 
“In a world that is increasingly ‘flat,’ where 
science, technology, and economies in each 
community are interdependent,” he sug- 
gested, “the importance of AAAS is greater 
today than ever before.” 

Support for interdisciplinary science will 
also be key, he said, citing its potential to pro- 
pel innovation and open up entirely new fields 
of research. Sharp has written extensively 


Phillip A. Sharp 


about convergence—where the life sciences 
meet physical and computational sciences 
and engineering—as co-chair of the U.S. 
National Academy of Sciences committee 
that produced the report, A New Biology for 
the 21st Century, and in other white papers. 

Sharp said that universities, industries, and 
organizations like AAAS “have moved a long 
way” toward creating environments where 
convergence thrives. “We’re making changes 
as a community that make it easier for an 
individual to be engaged in interdisciplinary 
science, and we’re encouraging exciting new 
areas of science to develop as well.” 

After winning the Nobel Prize for his co- 
discovery of “split genes,’ demonstrating 
that genes can be discontinuous on a strand 
of DNA, Sharp has seen the power of con- 
vergence firsthand in his research on cancer 
cell biology. He has moved deeper into explo- 
rations of RNA interference, or RNAi, in 
which RNA molecules can be used as “on/off 
switches” for gene expression. This powerful 
tool, along with advances in computational 
power and whole genome sequencing, “have 
made this a wonderful moment in science.” 

Sharp was a convergence pioneer of 
another sort in the 1970s when he co- 
founded Biogen (now Biogen Idec), helping 
to shape the future of a nascent biotechnol- 
ogy industry. “This was a time when technol- 


ogy and genetic engineering and recombi- 
nant DNA were newly emerging in the lab, 
and it was widely recognized and clear to 
me that there would be great benefit to soci- 
ety in having this knowledge translated.” 
In 2002 he continued those steps toward 
translation as a co-founder of Alnylam Phar- 
maceuticals, an early-stage RNAi therapeu- 
tics company. Working with both companies, 
Sharp said, ““was a way of contributing to 
society and learning at the same time that I 
found very enriching.” 

In a way that is perhaps fitting for the son 
of farmers and ironworkers, Sharp empha- 
sizes the importance of engineers in sharing 
the benefits of science. The United States 
produces too few engineers, he said, and 
“they have a skill set that is essential for 
our media, for life science, for medicine, 
and for manufacturing. We need to expand 
this if we’re going to have a knowledge and 
work base in this country that can actually 
deal with the innovation we need to keep our 
economy growing.” 

Sharp is an Institute Professor at the Koch 
Institute for Integrative Cancer Research at 
MIT, where he served as director from 1985 
to 1991. He also served as the founding direc- 
tor of MIT’s McGovern Institute for Brain 
Research from 2000 to 2004. Sharp suc- 
ceeded William H. Press, a professor of com- 
puter science and integrative biology at the 
University of Texas at Austin, at the close of 
the AAAS Annual Meeting on 18 February. 
Press is now serving a l-year term as chair- 
person of the AAAS Board. 

Along the Licking River in Falmouth, 
Kentucky, Sharp raised cattle and grew 
tobacco to pay for his college education. He 
encourages more engineers and scientists to 
talk with rural and poor students, especially, 
as a way of inspiring the next generation of 
researchers. In some of these communities, 
Sharp said, students “don’t see people who 
have made contributions to science and engi- 
neering. Someone standing in front of them 
and telling them how exciting it is can have a 
profound impact on a young mind.” 

“Every student who wants to contribute 
and has the opportunity should think about” 
a career in the sciences, he said. “The grow- 
ing importance of science and engineering 
in society, in terms of helping people, is a 
way of contributing to everyone across the 
face of the earth.” 

—Becky Ham 
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How Cells Know Where They Are 


Arthur D. Lander 


Development, regeneration, and even day-to-day physiology require plant and animal cells 

to make decisions based on their locations. The principles by which cells may do this are 
deceptively straightforward. But when reliability needs to be high—as often occurs during 
development—successful strategies tend to be anything but simple. Increasingly, the challenge 
facing biologists is to relate the diverse diffusible molecules, control circuits, and gene 
regulatory networks that help cells know where they are to the varied, sometimes stringent, 
constraints imposed by the need for real-world precision and accuracy. 


another, something must traverse the in- 

tervening space. For distances of centi- 
meters or meters, we lay down a ruler or tape 
measure; for objects much farther away, we might 
bounce off sound or radio waves and measure 
the return time. In the microscopic world of 
cells, where measurements of position typically 
are made over spans of a few hundred micro- 
meters or less (Fig. 1), the things that most read- 
ily cross such distances are molecules, and the 
simplest way they do so is by aqueous diffusion. 
Unlike the propagation of light or sound waves, 
diffusion is not a constant-rate phenomenon—a 
diffusing front gets slower as it spreads—making 
computation of distance from arrival time tricky 
(although not impossible). But, given constant 
production at a source, diffusion can create steady- 
state gradients within which concentration is a 
proxy for distance. From this insight, it was pro- 
posed, and later demonstrated, that cells in devel- 
oping animal embryos receive positional cues from 
diffusible molecules that indeed form stable gra- 
dients across tissues (7). Such molecules, dubbed 
morphogens, play central roles in orchestrating 
developmental pattern formation. 

Recently, there has been debate about wheth- 
er cells really receive positional information by 
measuring concentrations in steady-state diffu- 
sion gradients (2, 3). The most serious objections 
have to do with reliability: In the world of cellular 
biochemistry, variability in synthesis and secre- 
tion, in the binding of molecules to receptors, in 
the activation of signaling pathways, and in gene 
regulation can all be quite high. Among other 
things, such variability can stem from the environ- 
ment (e.g., unpredictable temperature or nutrition), 
genetics, or stochastic fluctuations in biochemical 
processes. Yet the positional information that cells 
ultimately obtain is often exceedingly reliable, 
particularly during development (as evidenced by 
the remarkably accurate symmetries and family 
resemblances we encounter in our own bodies). 
Can steady-state diffusion gradients provide that 
kind of reliability? 


T: measure the distance from one object to 
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In short, it depends. It depends on the amount 
and kind of variability cells face, the mechanisms 
by which gradients form, and how much reli- 
ability is required. Consider, for example, a sheet 
of cells (an epithelium) in which a diffusible mor- 
phogen is secreted at a constant rate by cells lying 


[\ 


tration falls exponentially away from the source, 
the precise shape determined by the morphogen’s 
rate of production, diffusivity, and rate of uptake 
and destruction. A cell’s reading of morphogen 
concentration will then depend on its number of 
receptors and how much intracellular signaling 
occurs per occupied receptor. 

Not surprisingly, if cellular location is measured 
from the morphogen concentration sensed by 
each cell, unreliability in any of these processes— 
morphogen production, transport, uptake, recep- 
tor synthesis, and signaling—will produce mea- 
surement errors. The type and magnitude of the 
error will depend on what is varying and where 
the cell is located. Variability that enters upstream 
of individual cells (e.g., in morphogen production 
or transport) or affects all cells equally (e.g., animal- 
to-animal differences or temperature change) will 
produce inaccuracy, that is, a shift in the locations 
of positional values. In contrast, cell-to-cell var- 
iability produces imprecision, that is, scatter in the 


in a stripe (Fig. 2A). The morphogen is destroyed 
everywhere, through receptor-mediated uptake, 
at a constant proportion per time (this situation 
approximates what is thought to be the case in a 
variety of developing tissues). Eventually, a sta- 
ble gradient forms in which morphogen concen- 


POrP 


Fig. 1. A gallery of positional tasks. A leukocyte (A) may need to know in which direction to head to find 
the site of an infection but not the absolute distance to it. A cell in an early embryo (B) may need to know 
absolute location with respect to one or the other end of the embryo so that it differentiates into a spatially 
appropriate cell type, whereas a cell in a tissue undergoing branching morphogenesis (C) may need to 
know only the rough location with respect to the nearest branch point or vessel. In regenerating tissues 
(D), cells need to know their position with respect to a site of injury or amputation, whereas in tissues or 
organs with laminar structures (E) cells may need only know whether they are in the appropriate layer. 
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positional measurements that cells at equivalent 
locations make. Inaccuracy is often best quanti- 
fied by a sensitivity coefficient, a unitless number 
that captures the fold change in the location of a 
positional value per any given fold change in some 
upstream process. Imprecision is most readily 
quantified as a transition width, the distance away 
from any position x that one must move before 
no more than some maximum proportion of cells 
(e.g., 15%) conclude that they are on the wrong 
side of x from where they actually are (4-6). 

Sensitivity coefficients for perturbations of 
morphogen and receptor production and esti- 
mated transition widths associated with sto- 
chastic fluctuations in receptor occupancy are 
plotted in Fig. 2B for morphogen gradients 
such as the one in Fig, 2A by using assumptions 
about receptor abundance estimated from the 
Drosophila wing disc (6). Sensitivity to morpho- 
gen production declines with distance from the 
morphogen source, whereas sensitivity to recep- 
tor production falls to zero and then rises to an 
asymptotic value. The transition width caused 
by fluctuation in receptor occupancy (“binding 
noise”) rises with distance from the morphogen 
source, because lower receptor occupancy produces 
larger stochastic fluctuations (6). A similar rise 
occurs for fluctuations driven by other sources 
of cell-to-cell variability (5). 

In essence, there is some effect of every form 
of variability at virtually every location, but which 
errors matter in practice depend on where posi- 
tional measurements need to be made, how much 
error can be tolerated, and how much different 
inputs actually vary. Only in a few cases are hard 
data on in vivo variability available [e.g., (5, 7, 8)], 
but the fact that mutants that are heterozygous 


null for genes encoding morphogens, receptors, 
or components of signaling pathways (i.e., puta- 
tive 50% reductions in input) usually display de- 
velopmental patterns that are shifted only slightly 
(e.g., <20%) suggests that sensitivity coefficients 
for developmental morphogen gradients are often 
<0.26 (In1.2/In2) (6). Similarly, from looking at 
the phenotypic effects of mutations that lead to 
broadening of the widths of gene expression 
stripes established by morphogen gradients [e.g., 
(9)], we can estimate bounds on tolerable tran- 
sitions widths (Fig. 2B). Such limits reveal a sur- 
prising fact: In simple, steady-state morphogen 
diffusion gradients, there is no location at which 
cells simultaneously achieve substantial robust- 
ness to variation in morphogen production, varia- 
tion in receptor production, and cell-to-cell 
variability in receptor occupancy. 


What Price Reliability? 


Might cells improve robustness by altering the 
mechanisms by which gradients form or are sensed? 
Evidence suggests that they do. For example, some 
cells increase morphogen degradation in response 
to morphogen signaling (so-called self-enhanced 
degradation), which decreases sensitivity to var- 
iation in morphogen production (/0). But this 
benefit comes at the expense of making gradients 
shallower, the result of which is greater impre- 
cision for any given amount of cell-to-cell var- 
iability (6). Of course, precision can be improved 
by operating in regimes of higher total morpho- 
gen (increased receptor occupancy translates into 
reduced stochastic fluctuations in binding), but 
this quickly leads to receptor saturation near the 
morphogen source, which greatly increases sen- 
sitivity to variation in morphogen production rate 


(6). Sensitivity to morphogen production rate can 
be lowered by measuring morphogen concentra- 
tions before the gradient reaches a steady state 
(2), but this carries the price of making cells 
highly dependent on the precise time at which 
they make their measurement (i.e., they gain a 
more accurate ruler at the expense of needing an 
accurate clock). 

These scenarios illustrate a basic engineering 
principle: Strategies that improve performance in 
one arena typically degrade it in another. Often 
such trade-offs arise out of a linkage between the 
number of degrees of freedom available for com- 
bating unreliability and the number of sources of 
unreliability. For example, assume that we could 
insert into the morphogen gradient in Fig. 2 an 
additional component, a “‘nonreceptor” molecule 
that binds, internalizes, and degrades the mor- 
phogen without participating in signaling [such a 
role has been suggested for cell-surface proteo- 
glycans (//, /2)]. Now the curve of sensitivity 
of positional measurement to receptor production 
can easily be shifted so that it overlaps with the 
curve of sensitivity to morphogen production 
(i.e., the system can now be simultaneously ro- 
bust, at many locations, to variation in both mor- 
phogen and receptor production). Unfortunately, 
addition of a new component adds a new po- 
tential source of unreliability—variability in the 
production of the nonreceptor. Not surprising- 
ly, just those conditions that shift the receptor- 
sensitivity curve to a more desirable location 
correspond to conditions that make nonreceptor 
sensitivity high everywhere. In other words, when- 
ever we add something new, we risk trading sen- 
sitivity to what was there for sensitivity to what 
we added. 
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Fig. 2. Effect of input variability on the reliability of diffusion gradients. (A) 
Diffusion of molecules through intracellular spaces, when coupled to receptor- 
mediated uptake, produces steady-state gradients from which cells can as- 
certain their positions. But variability in processes that contribute to gradient 
formation or interpretation will necessarily lead cells to make mistakes. Their 
errors may be classified as either inaccuracy, whereby the average cell at a 
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given location obtains an incorrect positional value, or imprecision, whereby 
there is cell-to-cell variability in the positional information obtained by cells at 
equivalent positions (the latter effectively converts the gradient of positional 
information into a probability cloud, rather than a sharp curve). (B) The most 
important potential sources of unreliability are different at different locations 
along a gradient [values shown are based on the gradient in (A)]. 
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The same problem surfaces when we exam- 
ine the suggestion that morphogen gradients im- 
prove accuracy by abandoning simple morphogen 
diffusion in favor of active transport (/3). Sen- 
sitivity to variation in morphogen production can 
certainly be reduced but only at the expense of 
creating new sensitivity to variation in the level 
of whatever carrier is responsible for mediating 
the active transport (e.g., receptors). In fact, ob- 
servations suggesting that active transport plays a 
role in morphogen-gradient formation in animal 
tissues (/ 4-6) have increasingly been challenged 
(17-20). The situation is clearly different in plants, 
which lack the contiguous intercellular spaces of 
animal tissues, so that long-range transport of 
water-soluble molecules typically necessitates pas- 
sage through cells, enabled by plasma membrane 
carriers and active transporters (2/, 22). 

Of course, relying on diffusion for transport 
does make morphogen gradients highly sensitive 
to variations in diffusivity, but the beauty of dif- 
fusion is its reliability. Diffusion coefficients are 
only weakly sensitive to temperature and are in- 
dependent of the metabolic state of the cell. 
Effective diffusivity is surprisingly insensitive to 
randomly placed obstacles, even when densely 
packed (23), and transient binding or trapping by 
“sticky” molecules in the environment only af- 
fects the rate at which morphogen gradients form, 
not their steady-state shape (2, /8, 19). 

This discussion highlights an important point: 
The goal of good design is not to make sensitivity 
go away—because of performance trade-offs every 
system will always be sensitive to something— 
but rather to shift it onto the things that are re- 
liable and away from those that are not. Of course 
what is reliable may be idiosyncratic. For exam- 
ple, tissues with small cells that have few recep- 
tors will experience larger stochastic fluctuations 
in receptor occupancy than tissues with larger 
cells and many receptors, placing a greater pre- 
mium on insensitivity to receptor density in one 
case versus the other. Likewise, embryos that de- 
velop in eggs laid on land should place a greater 
premium on resistance to temperature fluctuation 
than mammalian embryos or embryos that de- 
velop in marine environments. 

An interesting example is provided by the ret- 
inoic acid (RA) gradient that patterns the ver- 
tebrate hindbrain. Because RA is a small molecule 
derived in a few enzymatic steps from dietary 
vitamin A, we expect its abundance to vary great- 
ly from embryo to embryo, much more than is 
the case for morphogens encoded by the genome. 
It should thus come as no surprise that numerous 
control mechanisms that reduce or counteract such 
variability—including feedback regulation of RA 
biosynthesis, degradation, and delivery to intra- 
cellular receptors—are observed in the hindbrain 
(24). Consistent with the presence of these (and 
other) control mechanisms, large experimentally 
induced fluctuations (>10-fold) in total RA levels 
have surprisingly little effect on the positional 
information that hindbrain cells obtain from RA 
(25). From the standpoint of the organism, a re- 


duced sensitivity to variation in abundance of RA 
undoubtedly increases sensitivity to amounts of 
other components [e.g., cellular RA-binding pro- 
teins and cytochrome P450 and RA receptors 
(26, 27)]. This is an acceptable trade, because 
amounts of those other components are likely to 
be more reliable. 


Quality Through Quantity 

Shifting sensitivities is not the only way to im- 
prove positional reliability; by making combina- 
tions of measurements, cells may exploit strategies 
such as pooled sampling and disturbance com- 
pensation. The former refers to the way scientists 
typically tame noisy data: We average (pool) re- 
peated measurements. For this to be effective, 
successive measurements must be independent; 
that is, disturbances that corrupt one measure- 
ment need to be uncorrelated with those that cor- 
rupt the next. 

Cells naturally pool measurements by letting 
intracellular signals accumulate over time (tem- 
poral integration). For example, morphogen-receptor 
complexes may be internalized and continue to 
signal within endosomes. Or the half-lives of pro- 
tein products produced in response to morphogen 
signaling may exceed the duration of signaling 
complexes. In such cases, steady-state morpho- 
gen responses will reflect the average morphogen 
concentration over a time on the order of the half- 
life of signaling endosomes or downstream pro- 
tein products, whichever is greater. 

In this way, many short-lived disturbances are 
easily averaged out (for example, fluctuations in 
the extracellular levels of freely diffusing mole- 
cules tend to relax on a time scale of seconds). 
But some disturbances may have long time scales. 
For example, stochastic fluctuation in receptor 
occupancy resulting from the probabilistic nature 
of binding will reflect the time scales of receptor 
dynamics, which generally need to be long (e.g., 
hours) so as not to interfere with the formation 
of long-range diffusion gradients (6, 28). Wheth- 
er cells have sufficient time to average away 
such noise may thus depend on how quickly 
they need to obtain their positional information. 
In other words, cells face a speed-accuracy trade-off 
(Fig. 3). 

A drawback of simple temporal integration is 
that a cell must commit to a particular time scale 
of integration (e.g., a particular half-life of the 
accumulating molecule). Even if disturbances 
happen on faster time scales, cells must wait a 
fixed time before determining their locations [lest 
their measurements be inaccurate (Fig. 3C)]. One 
way to get around this is to exploit noise-induced 
switching (29), a phenomenon that occurs when 
noisy inputs act on hysteretic switches—devices 
that switch from off to on at different thresholds 
from which they switch from on to off. Between 
the two thresholds, any transient fluctuation that 
flips the switch from off to on will tend to leave it 
in the on state until a large enough fluctuation in 
the other direction occurs to flip it back. In effect, 
the on state is “remembered” for a time related to 
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the rate at which fluctuations occur. Because of 
this memory, hysteretic switches achieve tem- 
poral averaging on a time scale set by the noise 
itself (Fig. 3D). 

There are other reasons why switches are a 
useful thing to include in the machinery with 
which cells read position: Diffusible carriers of 
positional information (morphogens) are usually 
smoothly graded in space, but cells often need 
to make binary decisions (e.g., to differentiate 
or not). Response circuits that are switchlike, 
that is, ultrasensitive, are thus essential. What is 
interesting is how many of the switches that op- 
erate downstream of positional cues turn out to be 
of the hysteretic type. Examples include gene 
regulatory switches driven by Bicoid signaling in 
the Drosophila embryo; sonic hedgehog, fibroblast 
growth factors (FGFs), and RA in the vertebrate 
spinal cord; and RA in the vertebrate hindbrain 
(30-34). In several of these cases, modeling strongly 
suggests that noise-induced switching plays a key 
role in producing sharp, positionally accurate gene 
expression borders (30, 34). 

Pooled sampling does not necessarily mean 
repeating the same measurement; it can also 
mean pooling different kinds of data. For ex- 
ample, some cells can get positional information 
from more than one morphogen at the same time. 
In the vertebrate hindbrain, the posterior-to-anterior 
RA gradient is supplemented by FGF and Wnt 
gradients in the same orientation (35); in the early 
Drosophila embryo, the Bicoid gradient works 
together with independent gradients of Caudal and 
maternal Hunchback (7); in the bone morphoge- 
netic protein gradients that provide dorsoventral 
positional information to early invertebrate and 
vertebrate embryos, there are always multiple lig- 
ands (36, 37). 

Measurements can also be pooled over space 
instead of time; that is, neighboring cells can 
share information. In syncytia, such as the early 
Drosophila embryo, some spatial integration hap- 
pens simply by virtue of diffusion of downstream 
effectors of morphogen signaling from one nu- 
cleus to another (38). In cellularized systems, 
mechanisms of spatial pooling are less well un- 
derstood. One fascinating example occurs in the 
Drosophila wing imaginal disc, where the spatial 
extent of expression of the transcription factor 
vestigial (vg, which directs cells to adopt a wing 
fate) is determined by the Wingless (Wg) mor- 
phogen gradient. Because this gradient is quite 
steep, Wg concentrations are thought to be very 
low at the edges of the vg domain, exposing re- 
ceptor occupancy to large, slow, stochastic fluc- 
tuations. Ordinarily, this should make the formation 
ofa sharp, reliable gene expression border very 
difficult, but cells communicate with their neigh- 
bors (via the Fat signaling pathway) so that Wg is 
only permitted to turn on vg in a cell adjacent to 
one already expressing vg (an example of spatial 
pooling). Moreover, once they turn it on it re- 
mains on independent of Wg (i.e., the switch is 
hysteretic, so they accomplish temporal integra- 
tion as well) (39). The combined effect is to 
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produce a wave of vg expression that spreads from 
the Wg source outward, coming to a near halt at a 
reliable position (Fig. 3D, curve g). 


Fixing Errors Before They Happen 

Making multiple measurements that are indepen- 
dent with respect to disturbances is not always 
feasible. In such cases, cells may exploit a dif- 
ferent strategy, disturbance compensation. This 
becomes available whenever multiple measure- 
ments are affected by a common disturbance and 
there is a priori knowledge of the nature of their 


mutual dependence. A particularly simple exam- 
ple is ratiometric measurement: For instance, if a 
morphogen’s rate of production rises in a certain 
way with temperature, then measuring its abun- 
dance relative to that of some other molecule that 
rises in the same way with temperature will produce 
a temperature-corrected reading. 

Ratiometric measurement can be implemented 
in a surprising number of ways. For example, 
cell-to-cell variation in receptor occupancy re- 
sulting from noisy receptor expression can be 
nullified by measuring the ratio of occupied to 


unoccupied receptors rather than receptor occu- 
pancy per se. Indeed, amounts of the morphogen 
Hedgehog appear to be measured in just this way 
(40). Similarly, when morphogens with opposing 
actions are produced at opposite ends ofa field of 
cells, the net signal that cells receive can cancel 
out perturbations that affect both morphogens 
equally (4/). 

Any instance in which perturbations to a sys- 
tem have more than one predictable effect creates 
an opportunity for disturbance compensation. 
For example, in a morphogen gradient set up by 
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Fig. 3. The costs of pooling information. Even when average receptor oc- 
cupancy accurately reflects position (A), any single measurement made by 
a cell will be corrupted by detection noise, including (but not limited to) 
stochastic variation in receptor occupancy. (B) Dark squares correspond to 
cells with instantaneous receptor occupancy above an arbitrary threshold (here 
equal to 2), and the curve depicts, given just the sampling noise in the re- 
ceptor occupancy levels in (A), the probability of individual cells exceeding this 
threshold as a function of distance. Imprecision is the zone over which a cell's 
measurement has a substantial probability of being on the “wrong” side of the 
threshold value, given its location. (C) A common form of temporal integration 
occurs when noisy signals drive the accumulation of a downstream element 
(e.g., a second messenger or a transcription factor) that turns over more slowly 
than the noise fluctuations. The simulation illustrates what happens when a 
signal with random (Gaussian) noise drives accumulation of a factor with a 
half-life of 3, 30, or 300 times the characteristic noise time. The longer the 
integration, the lower the noise, but the longer it takes for the signal to ap- 
proach the correct steady-state value. (D) Trade-offs between noise reduction 
and speed necessarily also apply to cells that read morphogen concentrations. 
In this simulation, noisy signaling like that in (B) drives production of a mol- 
ecule with a half-life twice the characteristic time t of fluctuations in receptor 
occupancy [axes as in (B)]. Imprecision is reduced by ~45%, but only after 
sufficient integration time (t > 4) is the threshold value of morphogen sig- 
naling crossed near its steady-state location. (E) Here, pooling was achieved by 


noise-induced switching, in which hysteretic cellular decisions drive cells back 
and forth across threshold values in a manner driven by the noise itself. (F) The 
trade-offs between precision, accuracy, and timing are different for different 
strategies. Several simulations like those in (D) and (E) are summarized by 
using curves (a to g) to plot the time evolution of imprecision and inaccuracy, 
with color used to depict time (that is, simulations start at red and end at blue; 
time is expressed in units of the characteristic noise time, i.e., the time it takes 
noise to decorrelate). Imprecision is in units of transition width (normalized to 
morphogen gradient length scale), and accuracy as the fractional approach of 
the location of median probability to that at t = oo (b to f) or t = 100 (g). 
Without any pooling (a), imprecision is high, but reads are accurate from 
the outset. With noise-induced switching (b and c), precision is initially 
very poor but eventually exceeds that in a; the detailed trajectories depend 
on whether the hysteretic window is large (0 to 4 in b); or more modest 
(1 to 3 in c). With temporal integration (d to f), precision improves steadily 
with longer integration times (d, e, and f depict t = 1, 2, and 4, respec- 
tively), but for dramatic improvement it can take very long to achieve 
accuracy. Curve g simulates the spatiotemporal strategy used by the fruit 
fly wing disc to measure the Wg gradient (see text); here very high precision 
can be achieved, with inaccuracy that declines at a rate determined by how 
fast information about vg expression is relayed from cell to cell (in the 
simulation used to generate the figure, a rate of spread of six cells per time 
unit was used). 
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diffusion and receptor-mediated uptake, changes 
in receptor production do not just alter the amount 
of morphogen detected by each cell (as depicted 
by the red curve in Fig. 2B), they also alter the 
slope of the gradient. If cells can directly measure 
that slope, its change can be used to correct mea- 
surements of position obtained from morphogen 
levels. In fact, cells in the Drosophila wing disc 
do measure the slope of the Decapentaplegic (Dpp) 
morphogen gradient, albeit indirectly, because 
the Fat signaling pathway responds to cell-to-cell 
differences in perceived morphogen (42). Wheth- 
er this information is actually exploited to correct 
for disc-to-disc variations in receptor levels re- 
mains to be seen. 

Even the noise in a signal can drive dis- 
turbance compensation, provided there is a known 
correlation between noise strength and signal 
strength (generally true for sampling noise, as in 
the biochemical fluctuations in ligand-receptor 
interactions). That is because hysteretic switches 
not only time-integrate in response to noise, they 
tend to shift their input-output relationships as a 
function of the noise strength (29). Indeed, some 
of the improvement in precision provided by 
noise-induced switching (Fig. 3D, curves b 
and c) reflects this effect. 


Measurement Through Self-Organization 


In the earlier discussion of how vg expression 
is controlled in the Drosophila wing disc, the 
morphogen Wg was presented as the source of 
positional information, with cell-cell interactions 
serving to help cells read Wg more reliably. We 
could, however, flip this depiction on its head and 
argue that the cell-cell interactions themselves 
carry the positional information. That is because 
the arrival of a spreading wave of cell-to-cell sig- 
naling [a “juxtacrine relay” (43)] can itself be 
used to measure distances in much the same way 
that the time of arrival of thunder allows us to 
judge distance from a lightening strike. From this 
viewpoint, we might see the Wg gradient as mere- 
ly biasing the rate at which the wave travels so as 
to improve the accuracy with which position is 
determined from it. 

There are, in fact, many ways in which short- 
range cell-cell interactions can make long-range 
things happen reliably. Systems that do this are 
called spatially self-organizing, because spatial 
order emerges directly from collective, or pooled, 
interactions. Both the Fat and the Notch path- 
ways have the potential to drive self-organization 
based on interactions between cells and their 
immediate neighbors (22, 42, 44). Self-organization 
over longer ranges can be achieved through the 
local production of secondary morphogens and 
inhibitors that may interfere to create spontane- 
ous patterns (e.g., Turing patterns) with charac- 
teristic length scales (45). When allowances are 
made for cell rearrangement, even differences in 
cell-cell adhesion will drive spontaneous, large- 
scale spatial organization (46). 

Of course self-organization cannot tell cells 
where they are relative to a fixed reference point 
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unless that location is somehow linked to the self- 
organization process. Such coupling can come 
from boundary conditions [as occurs when bac- 
terial cells use self-organization to locate their 
own midpoints (47)], but the control of vg ex- 
pression in the wing disc tells us that in tissues it 
can also come directly from a long-range mor- 
phogen gradient. These observations suggest that 
we risk being narrow-minded when we think of 
cells as first measuring their positions and then 
acting in a position-specific way (e.g., organizing 
into patterns). We may find that, more often than 
not, the spatial control of morphogenesis is in- 
extricable from the process of morphogenesis 
itself. 


On the Horizon 


In biology, simple questions rarely have simple 
answers, and “how do cells know where they 
are?” is no exception. I have focused here on the 
problem that, despite the existence of straight- 
forward ways for cells to measure position, 
making measurements sufficiently accurate and 
precise is inherently challenging. Although recent 
years have seen considerable progress in identi- 
fying mechanisms for encoding and detecting 
positional information, as well as for achieving 
reliability, there is much we still do not know. For 
example: 

1) How many of the “rulers” that cells use 
have we found? Are they mainly diffusing mol- 
ecules, or are migrating cells, mechanical signals, 
or even electrical fields just as important? 

2) How collaborative are most cases of po- 
sitional sensing? As we have seen, cells gain re- 
liability by pooling information with neighbors, 
or even participating in large-scale, spatial self- 
organization. How often do they do so, and in 
what contexts? 

3) What are the primary sources of unre- 
liability that constrain how cells in different con- 
texts measure position? To answer this question 
requires that we not only quantify natural var- 
iability but also learn about the environments in 
which organisms evolved. 

4) To what extent can known sources of un- 
certainty and variability provide a satisfactory 
(constraining) explanation for position-sensing 
mechanisms we observe? In particular, how many 
of the multiple morphogens, feedback loops, and 
complex gene regulatory circuits that we find in 
real systems can we explain by their positive 
influence on reliability? 

Tackling these questions may force us to 
explore new research directions, but if we wish to 
truly understand how cells read position, there is 
really no better position to be in. 
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Using the Earth as a Polarized Electron 
Source to Search for Long-Range 
Spin-Spin Interactions 


Larry Hunter,”* Joel Gordon,* Stephen Peck,” Daniel Ang,” Jung-Fu Lin? 


Many particle-physics models that extend the standard model predict the existence of long-range 
spin-spin interactions. We propose an approach that uses the Earth as a polarized spin source 

to investigate these interactions. Using recent deep-Earth geophysics and geochemistry results, 
we create a comprehensive map of electron polarization within the Earth induced by the 
geomagnetic field. We examine possible long-range interactions between these spin-polarized 
geoelectrons and the spin-polarized electrons and nucleons in three laboratory experiments. By 
combining our model and the results from these experiments, we establish bounds on torsion 
gravity and possible long-range spin-spin forces associated with the virtual exchange of either 


spin-one axial bosons or unparticles. 


dvances in particle physics have contrib- 
A“ to our understanding of the deep 

Earth, most recently through the obser- 
vation of geoneutrinos (/). By contrast, the con- 
tributions to particle physics resulting from our 
understanding of the Earth have largely been lim- 
ited to gravitational interactions or using the Earth 
as a large mass or baryonic source. Here we 
suggest that our knowledge of the magnetic fields 
and electron-spin behavior within the Earth is 
sufficiently developed that we can use the Earth’s 
polarized electrons to study anomalous long-range 
spin-spin interactions. 

Many extensions of the standard model of 
particle physics predict the existence of new par- 
ticles. The virtual exchange of these particles be- 
tween ordinary fermions can result in spin-spin 
interactions that look quite different from those 
expected from electromagnetism. The spin- 
dependent forces that result from the exchange of 
a pseudoscalar boson like the axion were orig- 
inally investigated by Moody and Wilczek (2). 
The exchange of a vector boson with mass m-, 
can lead to the “spin-dot-spin” and “spin-cross- 
spin” potentials (3) 
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where g denotes the vector (V) or axial (A) cou- 
pling constants of fermions | or 2 with mass 
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and spin directions, 6. The interaction range of 
the force is denoted by 4 = h/m-c where h is 
Planck’s constant (4) divided by 27 and c is 
the speed of light. 

Another interesting entity that could produce 
long-range spin-spin interactions is the “unpar- 
ticle” (4). Unlike ordinary particles, unparticles 
do not have well-defined masses but can be 
characterized in terms of an energy scale A, a 
scaling dimension d, and a dimensionless coupling 
constant ca. In the long-range limit, the virtual 
exchange of an axial-vector unparticle results in 
an effective potential (5) 
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where I’ is the gamma function, andA,, = fc/A 
is the characteristic length associated with the 
unparticle. The unparticle potential does not ex- 
hibit the usual exponential decay with distance 
that is associated with the exchange of ordinary 
massive particles. 

Ramsey conducted the first experiment that 
looked for anomalous spin-spin couplings (6). 
Early work in the field placed limits on such 
couplings between electrons (e -e ) (7, 8) and 
between electrons and nucleons (9). Recently, 
constraints have been placed on short-range 
(atomic scale) anomalous spin-spin forces by 
considering hyperfine structure in hydrogen-like 
atoms (/0), spin-exchange collisions (//), and 
magnetic resonance in deuterated molecular hy- 
drogen (/2). New searches for long-range inter- 
actions have been quite successful in placing 
bounds on the coupling constants associated with 
the potentials discussed above. Neutron-neutron 
(n-n) spin couplings have been investigated 


(G1 -&) 


(3) 


by using nuclear-spin magnetometers with spin- 
polarized *He used as a source (13, 14), whereas 
the e -e spin interactions have been investigated 
by using a spin-polarized torsion pendulum with 
SmCo;-Alnico toroids as sources (/5). To search 
for long-range (A > ~1 m) spin-spin interactions, 
the polarized source is placed near the appara- 
tus and the direction of its polarization is al- 
tered. The spin associated with optically pumped 
nuclear sources can be reversed simply by 
changing the circular polarization of the pumping 
radiation. The solid-state electron-spin sources 
can be easily rotated in the laboratory. One then 
looks for a response in the magnetometer or 
torsion pendulum that is synchronous with the 
source modulation. Great efforts are made in 
these experiments to minimize the ordinary 
magnetic-dipole coupling between the source 
and apparatus. 

The concept of the experiment. Here we sug- 
gest an alternative approach where, instead of the 
modulated laboratory spin source, one uses the 
polarized electrons within the Earth. The advan- 
tage of this approach is simply one of numbers. 
There are ~10” unpaired electron spins in the 
Earth. On average, about one extra electron out of 
every 10 million will become polarized antipar- 
allel to Earth’s magnetic field. Hence, there are 
on the order of 10” polarized electrons in the 
Earth, compared with ~10° polarized neutrons 
or ~10°° polarized electrons in a typical labora- 
tory source. Hence, the number of polarized geo- 
electrons exceeds the number in a laboratory 
source by a factor of at least 10'7. Laboratory 
sources are usually located a few tenths of a me- 
ter from the detection apparatus while a typical 
geoelectron is a few thousand kilometers away. 
For ordinary electromagnetism and for the spin- 
spin potentials associated with pseudoscalar bos- 
ons, the dipole-dipole interaction falls off as the 
cube of the distance, r, and the increased distance 
of the geoelectrons reduces the interaction po- 
tential by ~21 orders of magnitude. For such po- 
tentials there is no net advantage in considering 
an Earth source. However, many of the anom- 
alous spin-spin potentials (e.g., Eqs. 1 to 3) fall 
offas I/r”, where n is between | and 2. For these 
potentials, the suppression of the sensitivity by 
the distance will be between 7 and 14 orders of 
magnitude. Here, even with additional losses due 
to poor geometry and lower experimental sensi- 
tivity, a geoelectron source can result in sub- 
stantially improved constraints. 

The greatest disadvantage to searching for 
spin interactions with the Earth is that one can- 
not modulate the spin source. To extract the 
geoelectron spin-spin signal, one must reverse 
or modulate the contribution it makes to the 
experimental signal. This can be accomplished 
by mounting the detection apparatus on a ro- 
tating table. Such systems have been developed 
for searches for violations of local Lorentz in- 
variance (LLI) (/6, /7). Although most contri- 
butions to the experimental signal are independent 
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of the table orientation, the “effective” spin as- 
sociated with the geoelectrons creates a preferred 
axis in the laboratory that couples to the table 
position via the various spin-spin interactions 
(Eqs. 1 to 3). 

Energy bounds on spins oriented relative to 
Earth. We use the measurements reported from 
two recent LLI experiments [one in Amherst, 
MA (®}a = 42.37°N, 72.53°W) (/8) and another 
in Seattle, WA (47.658°N, 122.3°W) (/9)], and 
bounds from an earlier Seattle experiment that 
searched for the coupling of nuclear spin to Earth’s 
gravitational field (20), to extract limits on the 
associated spin-spin couplings. 

The geometry of the Amherst '?’Hg-Cs co- 
magnetometer experiment is shown in Fig. 1. 


Fig. 1. The geometry of the Amherst 
experiment (see text for explanation). 
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The experiment is mounted on a table that ro- 
tates between two data-collection positions sep- 
arated by 180°. The table rotation changes the 
direction of the applied magnetic field vector 
from Bapp1 tO Bapp2. This inverts the horizontal 
component of the magnetic field while leaving 
the vertical component fixed. The Cs magne- 
tometer is used to hold the magnitude of the 
magnetic field constant. The change in the '°°Hg 
nuclear precession frequency with the table po- 
sition is measured to be Avy < 1.1 uHz (20 
bounds will be quoted throughout this paper). 
The resulting bound on the energy of a |?’Hg 
nuclear spin (6, in Fig. 1) oriented north (N) is 
BY < AAve’ /(4sin@,) = 1.3 x 10°! eV, where 
the geometric factor is associated with the mag- 
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Fig. 2. (A) Mineral proportions in the pyrolite model as a function of depth and (B) the resulting iron and 
electron densities in the various electronic spin states. The PREM model pressure profile is used 
throughout the calculations (30). The volume fractions and the iron fractions of the mantle are from (23), 
while the densities and iron fractions for the crust are from (28). The “Equivalent Fe?* e~” density 
combines the electrons in the different spin states, weighted by a factor that takes into account the 
relevant proportion of their contribution to the polarized electron-spin density. For the D” layer with the 
silicate post-perovskite phase between the core and the mantle, we use the temperature gradient 


suggested in (29). 
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netic field angle with respect to vertical (63 = 
63.8°) and the factor of 4 accounts for the dif- 
ferences between the two table positions and the 
two orientations of the nuclear spin with respect 
to the applied field. We follow the notation of 
(79) in using a “hat” over B to indicate that a 
correction for Earth’s gyroscopic frequency has 
been applied. A random geoelectron with a spin 
6>, separated from the apparatus by a distance r, 
is also shown in the plot. To place bounds on the 
coupling strengths in Eqs. | and 3, we sum the 
interaction potentials over all of Earth’s spin- 
polarized electrons and require that the resulting 
energy not exceed ae 

The coupling of the geoelectron spins by the 
spin-cross-spin potential (Eq. 2) is about an order 
of magnitude larger for detection spins oriented 
east (E) than for those oriented north. To improve 
our bounds on this potential, we have made ad- 
ditional measurements with our apparatus (/8) 
rotated 90°. In this orientation, the horizontal 
component of the applied magnetic field changes 
from east to west when the table changes posi- 
tion. We measure the change in the '?’Hg nuclear 
pres frequency with the table position to 
be Avis < 0.8 Hz. The resulting bound on the 
oneey of a 'Hg nuclear spin oriented east is 

ne <hAvee/(4 x sin(63.8°)) = 9 x 10° eV. 
We use this bound to constrain the strength of 
the spin-cross-spin potential. 

In their search for a cosmic preferred frame, a 
recent Seattle experiment constrains possible di- 
rectional couplings to the polarized electrons that 
make up their SmCo;-Alnico torsion pendulum. 
Their bounds on a spin potential coupling elec- 
tron spin along the north and east directions are 
By < 5.9 x 107! eV and By <8 x 107 eV. 
Both of these bounds can be used to set limits on 
electron-electron spin-spin couplings of Eqs. 1 
to 3. In practice, the superior experimental bound 
along the east direction yields the best electron 
limits on all three potentials. 

The third experiment that we have consid- 
ered was explicitly designed to search for a cou- 
pling between local gravity and nuclear spin. 
The experiment compares the precession frequen- 
cies of '°°Hg and 7°'Hg in a comagnetometer 
arrangement. This experiment is not mounted 
on a rotating table, but instead modulates the de- 
tection by periodically reversing the direction of 
the applied magnetic field and occasionally in- 
verting the orientation of the apparatus. Unlike 
the LLI experiments, where the sensitive direc- 
tions lie in the horizontal plane, the magnetom- 
eter field is oriented along Earth’s spin axis (2). 
Using an updated nuclear structure calculation 
(21), the experiment places a bound on the neu- 
tron (n) and proton (;») spin couplings along the z 
axis,B. <1(3.6 x 10 * eV)cos(47.5°) = 1.2 x 
10° eVand B? < 4(5.2x 10 *eV)cos(47.5") = 
1.8 x 10°" ev. Here the geometrical factor trans- 
forms the bound from along the vertical to along 
z and the factor of 2 accounts for the two orien- 
tations of the nuclear spins with respect to the 
applied field. 
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Electron-spin density map. To use Earth as a 
spin source requires creating a map of the 
polarized electron-spin density and direction 
everywhere within the Earth. Three input param- 
eters are needed to create this map: temperature, 
direction and magnitude of Earth’s magnetic 
field, and the density of unpaired electrons that 
can be aligned in the external field. We consider 
each of these in the following discussion. 

Earth’s core is mostly made of metallic Fe 
with ~5% Ni, together with some lighter ele- 
ments. First-principles calculations indicate that 
there is no paramagnetism associated with the 
Fe-Ni alloy in the core (22). Hence, the core 
makes no contribution to Earth’s polarized spin 
density and will be neglected in our model. 

The electron-spin density in Earth’s mantle 
can be calculated by using recent results from 
deep-Earth mineral physics, geochemistry, and 
seismology. The volume fractions and iron con- 
tents of various regions of the mantle have been 
reported experimentally (Fig. 2) (23). Because we 
are interested in establishing upper bounds on 
the spin-spin coupling constants, we shall make a 
conservative estimate of the magnitude of the 
electronic spins within the Earth. Iron, the most 
abundant transition metal in oxides and silicates 
of Earth’s mantle and crust, has a partially filled 
d-shell that dominates the resulting paramag- 
netism of the mantle minerals and crustal rocks. 
Other major rock-forming elements such as Mg, 
Si, Al, and O with closed electron shells have 
negligible contributions to the polarized spin den- 
sity. We use a representative pyrolite composi- 
tional model of the mantle that assumes there is 
no major chemical difference between the ele- 
mental composition of the upper and lower man- 
tle (24). Alternative models generally yield higher 
iron concentrations in the lower mantle (25). We 
use the Birch-Murnaghan equation of state (26), 
relevant physical parameters of the mantle silicates 
and oxides, and expected pressure-temperature 
profiles of the crust and mantle (geotherm) to 
calculate the densities of the major mantle min- 
erals at different depths (see table S1 for details) 
(27-29). In fig. S1, we compare our calculated 
mean density of these minerals at various depths 
with the seismic preliminary reference Earth mod- 
el (PREM) values (30). 

Most of the iron in Earth’s crust and mantle is 
bound up in mineral lattices with either ferrous 
(Fe?") or ferric (Fe*") valence states. For the crust 
and upper mantle, most of the iron exists in the 
Fe?" state with four unpaired d-shell electrons 
and a total spin S = 2, the so-called high-spin 
(HS) state. The lower mantle has two primary 
iron-bearing constituents, ferropericlase (fp) and 
perovskite (pv), whereas silicate post-perovskite 
(ppv) likely exists in the lowermost mantle (the 
D" region) (Fig. 2). Ferropericlase consists pre- 
dominantly of ferrous iron while pv and ppv con- 
sist of approximately half Fe?" and half Fe*". In 
the lower mantle, fp undergoes a transition from 
its HS state to a low-spin (LS) state with S = 0 
(37). Along an expected lower-mantle geotherm 


(32), experimental results show that the spin cross- 
over of Fe?" in fp starts at ~70 GPa (1700-km 
depth) and 2200 K and completes at ~125 GPa 
(2700-km depth) and 2400 K (33). This spin 
crossover reduces the unpaired electron density 
at depths greater than ~2100 km (Fig. 2). The 
spin states of iron in pv and ppv remain under 
debate, but the current consensus is that a sim- 
ilar spin transition from S' = 5/2 to S = 1/2 is 
expected to occur in Fe** in the octahedral site (B 
site) of py and ppv whereas Fe?" remains in the 
HS state at all mantle pressures (34). We choose 
again to conservatively assume that all of the Fe** 
in the B site of pv and ppv, which is ~25% of all 
iron in those minerals, is in the LS state, whereas 
the remainder of the Fe** and Fe”* remains in the 
HS states. The resulting unpaired electron densi- 
ties as a function of depth are shown in Fig. 2. 
For our model to be successful, the magnitude 
and direction of Earth’s magnetic field, B, must 
be known everywhere between the core and the 
surface. The magnetic field within the Earth is 
predominantly created by electrical currents within 
the core (35). We use the world magnetic model 
(WMM 2010) (36) to recreate the magnetic field 
within the Earth as it existed when the data were 
collected. The magnetic field is derived from a 


North 


2000 


magnetic potential that is approximated by a 
12th-order associated Legendre expansion. The 
coefficients of the expansion are chosen to yield a 
best fit to worldwide and satellite observations. 
The model is expected to be valid throughout the 
mantle and crust, where the material is believed 
to be electrically insulating. For the Amherst 
data, we model the field as it was on 1 October 
2010, while for the Seattle data we use | July 
2007 for the torsion pendulum experiment and 
1 January 1991 for the Hg comagnetometer ex- 
periment. In practice, Earth’s magnetic variation 
is sufficiently slow that altering the chosen date 
by a decade does not produce any notable change 
in our results. 

When an iron ion in the mantle interacts with 
this external field, the spin becomes slightly po- 
larized. We assume that the orbital moments are 
quenched and can be neglected. The average val- 
ue of the spin of each HS Fe* (in units of A) 
along the magnetic field is (S.)jron = 22UBB/kgT, 
where [tp is the Bohr magneton, ‘3 is Boltzmann’s 
constant, 7 is the temperature, and g is the elec- 
tron g factor. Because on average, each of the 
four unpaired electrons has a projection of its 
spin along z that is '4 of that for the lattice site, 
the effective alignment of each electron in the 
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Fig. 3. The polarized electron-spin density on a plane that contains Earth’s rotation axis and Amherst, 
MA. The black arrows indicate only the direction of the electron spins, while the color shading of the plot 
indicates the magnitude of the polarized electron-spin density. The density of the arrows on the plot is not 
meaningful. The @ (east) component of the field (into or out of the page) is not shown. The electron-spin 
density within the core (white central circle) is assumed to be zero. The violet vector corresponds to the 
north orientation and location of the Amherst apparatus. The vertical z axis is along Earth’s rotation axis, 


and the axis labels have units of kilometers. 
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external field is (S.). = gugB/2kgT. For a spin 2 
electron in HS Fe”", this corresponds to an aver- 
age spin alignment of 23B/kg7, where we as- 
sume g = 2. Similar considerations for the LS 
(S= 1/2) and HS (S = 5/2) states of Fe** yield 
average electron spin alignments of 138/k,7 and 
7upB/3kgT, respectively (37). Figure 1 shows 
the “equivalent Fe** e~” density, where we have 
taken this weighting into account. The polar- 
ized electron-spin density is determined by sim- 
ply multiplying this density by 2u,B/k37 . For 
a field of | G and a temperature of 2000 K, 
a typical HS Fe”* electron’s polarization is about 
7X 10°. 

Combining the magnetic field map with the 
temperature and electron-spin density profiles 
yields a map of the polarized electron-spin den- 
sity and direction within the Earth. A sampling of 
the result on a plane that includes Earth’s rotation 
axis and Amherst is shown in Fig. 3. The gener- 
al rise in the magnitude of the polarization with 
decreasing radius is due to the increased mag- 
nitude of the magnetic field and the higher den- 
sity of the constituent minerals. When moving 
in toward the core, the abrupt drop in the polar- 
ized spin density at a radius of about 4200 km is 
associated with the spin transition in fp, whereas 
the drop just before reaching the core is a result 
of the rising temperature. The slight rise in the 
spin density at the crust is associated with the 
rapidly decreasing temperature as one approaches 
the surface. The reduction of the spin density in 
the fourth quadrant of the plot results from a 
minimum in the Earth field commonly referred 
to as the South Atlantic Anomaly (38). Also 
shown on the plot is a vector corresponding to 
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Fig. 4. (A) Bounds on the long-range axial-axial couplings (Eq. 1) as a function 
of the range and mass of the intermediate vector boson. All regions of the plots 
above the lines are excluded. The violet lines (mixed dots and dashes) are the 
n-n bound established by (23). All other bounds are from the present analysis. 
We extract the e-e” bounds (black dots) from the data in (29) and the e -p 
(orange) and e-n (blue) bounds from the data in (28) (solid lines) and (20) 


the north orientation of the Amherst apparatus 
(6, in Fig. 1). In this orientation, only geoelectron 
spin components parallel to this direction con- 
tribute to the dot product between the source 
and detection spins (Eqs. | and 3). Cross-product 
contributions (Eq. 2) are maximized when the 
detector orientation is east, which is into the page 
at Amherst on Fig. 3. 

Interaction potentials. With the polarized 
geoelectron spin density and direction known 
everywhere within the Earth, we can calculate the 
interaction potential associated with each of the 
possible spin interactions described in Eqs. | to 3. 
The various integrations over the Earth volume 
are run in Mathematica using geocentric coor- 
dinates (see fig. S2 for details). For I/r and 1/1 
potentials, the relative contributions to the in- 
tegral from various depths are shown in fig. S3. 
For the 1/r (1/7) potential, the relative contribu- 
tions to the integral from the crust, upper mantle, 
and lower mantle are 2, 31, and 66% (6, 43, and 
51%), respectively. To limit couplings between 
the geoelectrons and '’Hg nuclei, we require 
that the integrated spin-spin potentials (relative to 
Amherst) remain smaller than the observed ex- 

~He 

perimental upper bound: By for the, spin-dot- 
spin potentials (Eqs. 1 and 3) and Bee for the 
spin-cross-spin potential (Eq. 2). To extract the 
bounds on the electron coupling to the neutron 
and proton, we assume that the '°°Hg nuclear 
spin has a neutron spin projection of —31% and a 
proton spin projection of -3% (2/). The bounds 
on the electron-electron couplings and additional 
bounds on the electron-neutron and electron-proton 
couplings are similarly derived from integrations 
relative to Seattle and the bounds B¢, 8. and BY. 
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The results for a potential mediated by an inter- 
mediate vector boson of mass m_., are shown in 
Fig. 4. Limits on the unparticle couplings are 
shown in Table 1. 

Our predicted bounds are markedly insen- 
sitive to changes in various Earth-model param- 
eters. The bounds in Fig. 4 are proportional to the 
absolute temperature and inversely proportional 
to the densities assumed. Hence, a 20% change 
in either the density or the temperature would 
change the bounds by about 20%. Such large 
departures from the pyrolite and PREM values 
used here seem highly unlikely. Indeed, Amherst 
should be reasonably well represented by the av- 
erage continental values assumed. Seattle resides 
on top of a deep, ancient subducting plate that 
may produce appreciable local cooling (39). How- 
ever, lower temperatures would only further im- 
prove the bounds obtained from the model. We 
do not report any limits from our model for ranges 
less than 1 km where local density variations 
and the possibilities of local ferromagnetic ma- 
terials render the results unreliable. On the log- 
arithmic plots of Fig. 4, a 20% change would 
result in a shift that is less than the thickness of 
the plotted lines. 

Discussion. Our results establish limits on 
many of the possible long-range spin-spin inter- 
actions between fermions. For the axial-axial ex- 
change (Eq. 1), the low-mass limits achieved are 
about a million times lower than the n-n limits 
that were established with a laboratory source. In 
the long-range limit, the potential has the same 
1/r dependence as gravity, and one can calculate 
the ratio between the strength of the spin-spin 
coupling between two particles to their gravitational 


Log(m,, /eV) 


Log(g g(Amhe)) 


Log(A/km) 


(dashed lines). (B) Bounds on the vector (V)—axial (A) couplings (Eq. 2). The first 
fermion of each labeled pair has the vector coupling, whereas the second has 
the axial coupling. The violet and black limits are derived as discussed in (A). We 
extract the e-p (orange), e-n (blue), n-e” (green), and p-e (brown) bounds 
from our new measurement of BHI (solid lines) and the data in (20) (dashed 
lines). Here e-, n, and p correspond to the electron, neutron, and proton. 
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Table 1. Upper bounds on the axial dimensionless coupling c, associated with unparticles with scaling 
dimension d. Here e, n, and p denote the couplings between electrons, neutrons, and protons. The n-n 
limit was established in (73). All other bounds are from the present analysis. We extract the e -n, e -p, and 
e-e bounds from the data in (18), (20), and (19), respectively. For ease of comparison with the n-n 


results, we have set A = 1 TeV in this analysis. 


Cald 1 1.125 1.25 

e-n 7x10 1x 10°°° 2x 1077” 
e-p 1x 10% 2% 10°? 4x107’ 
e-e 7x10 110°? 2x 10°?” 
n-n 1x 10° 1x 10° 


1.33 1.375 1.5 
2x10 3x10" 6 x 1077 
4x10 6x10" 1x 107° 
2x10 3x10" 5x1077 
4x10" 8x10? 


attraction. Our bounds imply that this ratio is 
<0.2% for e-e interactions and <1.2 x 10° 
for e -n interactions. Quantum gravity can induce 
an effective four-fermion axial interaction with a 
characteristic coupling of M\M2M,” where M, 
and My are the fermion masses and M,, ~ 1.2 x 
10°'° GeV/c? is the Planck mass (40-42). For 
two electrons, this yields a dimensionless cou- 
pling of 10°, whereas for a neutron and an elec- 
tron the characteristic coupling is 10~?. Our 
measured long-range bounds on these couplings 
(Fig. 3) are less than 10 4”, suggesting that our 
results could be sensitive to such quantum gravity 
effects. 

For the vector-axial coupling of the spin- 
cross-spin potential (Eq. 2), the range depen- 
dence of the limits is more complex. Our limits 
improve on the bounds obtained by laboratory 
sources (by as much as a factor of 4000) but only 
for ranges, ~1 km < 4 < ~200,000 km. The in- 
tegration exhibits a high degree of cancellation 
for ranges significantly larger than Earth’s diam- 
eter, suggesting a contribution from Earth’s more 
distant hemisphere of opposite sign and nearly 
equal magnitude to that from the near hemisphere. 

For the unparticle exchange with d = 1, the 
potential falls off as 1/r, and the bounds on the 
e-n and e-e coupling amplitudes are more 
than a thousand times more restrictive than all 
previous results. Unparticles with d= 1.5 cor- 
respond to a dot product potential that falls off 
as I/r’, Here our bounds become similar to 
those that have been achieved with laboratory 
sources. 

Outlook. Because the spins in our apparatus 
on Earth’s surface have a higher eastward veloc- 
ity than most of the spins within the mantle, the 
geoelectron source offers the possibility of testing 
all of the velocity-dependent effective potentials 
proposed in (3). Experiments using laboratory 
sources are not sensitive to these terms, and most 
of these possible spin-spin potentials are current- 
ly unbounded. Ongoing development of comag- 
netometers and nuclear gyroscopes (43) should 
result in improved experimental sensitivities that 
will allow further refinement of the electron-nucleon 
couplings. With a different set of assumptions, it 
may be possible to extend this model so that 
Earth might be used as a source of nuclear spin. 
This might allow more stringent limits to be es- 
tablished on nucleon-nucleon spin couplings. Per- 


forming the experiment in a region where the 
surface magnetic field is stronger and more par- 
allel to the surface can substantially enhance sen- 
sitivity. An identical experiment conducted in 
southern Thailand would have about twice the 
sensitivity of one conducted in Amherst. 


If refined experiments find evidence for a 


long-range spin-spin interaction, the discovery 
could provide a powerful tool for the investi- 
gation of the mantle. Once the potential is well 
understood, measurements similar to those dis- 
cussed here could be used to probe Earth’s iron 
concentration and its spin and valence states as 
a function of depth (3/7, 33). Such information 
might eventually help reconcile seismic observa- 
tions and mineral physics data with geochemical 
models (23, 25, 44). 
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Ferromagnetic Quantum Critical 
Point in the Heavy-Fermion 
Metal YbNi,(P,_,As,)2 


Alexander Steppke,’* Robert Kiichler,? Stefan Lausberg,* Edit Lengyel,* Lucia Steinke,* 
Robert Borth,* Thomas Liihmann,? Cornelius Krellner,”? Michael Nicklas,” 
Christoph Geibel,* Frank Steglich,” Manuel Brando** 


Unconventional superconductivity and other previously unknown phases of matter exist in the 
vicinity of a quantum critical point (QCP): a continuous phase change of matter at absolute zero. 
Intensive theoretical and experimental investigations on itinerant systems have shown that metallic 
ferromagnets tend to develop via either a first-order phase transition or through the formation 
of intermediate superconducting or inhomogeneous magnetic phases. Here, through precision 
low-temperature measurements, we show that the Griineisen ratio of the heavy fermion metallic 
ferromagnet YDNi4(Po.92ASo.93)2 diverges upon cooling to 7 = 0, indicating a ferromagnetic QCP. 
Our observation that this kind of instability, which is forbidden in d-electron metals, occurs in a heavy 
fermion system will have a large impact on the studies of quantum critical materials. 


solute zero. In matter, when such quantum 
fluctuations are tuned by a nonthermal con- 
trol parameter such as pressure, they may become 
sufficiently large to cause a quantum phase tran- 
sition into a new ground state. If the transition is 
continuous, it gives rise to a quantum critical point 
(QCP) (/—3). QCPs have been observed in a num- 
ber of antiferromagnetic (AFM) d- and felectron 
metallic systems (4, 5) but are thought not to exist 
in ferromagnetic (FM) metals for several reasons. 
Theoretical considerations for itinerant (such 
as d-electron) systems exclude a FM QCP at field 
#H=0 in clean materials and rather point to a FM 
quantum phase transition of first order (6-9). Ex- 
periments indicate that FM QCPs are preempted 
by the development of superconducting (70, 11), 
modulated (/2) or spin-glass-like (/ 3) phases, or 
a first-order FM quantum phase transition (/4). 
In felectron systems, Kondo screening competes 
with magnetism and permits QCPs, at which the 
Kondo effect may even be destroyed, as shown in 
the AFM heavy-fermion metal YbRh»Si, (/5—/7). 
For a FM f-derived Kondo-lattice system, it has 
been shown theoretically that the Kondo screen- 
ing may completely disappear deep inside the 
ferromagnetically ordered phase (/8), It remains 
to be shown, however, whether the FM QCP con- 
curs also with a Kondo-destroying one. 
An ideal method to probe the existence of 
a heavy fermion QCP (which is generically sensi- 
tive to pressure) is to perform combined measure- 
ments of the volume thermal expansion, (7), 
and specific heat, C(7). Both B(7)/7 and C(TVT 
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diverge upon approaching the QCP, but the di- 
vergence of B(7)/T is stronger, leading to a di- 
vergence of the Griineisen ratio T(7’) = B(7Y/C(7). 
If the divergence of the Griineisen ratio follows 
a power law, I(T) oc T*, the critical exponent 
yields insight into the nature of the QCP (/9). 
For instance, in CeNiGe> A = | is observed, in- 
dicating a three-dimensional (3D) spin-density- 
wave QCP (20). For the unconventional quantum 
critical material YbRh2Sip, a fractional exponent, 
i = 0.7, was found (20). 

In this report, we show that in single crys- 
tals of the weak 4fderived metallic ferromagnet 
YbNi4P>, a FM QCP can be induced by applying 
negative chemical pressure—substituting 10% As 
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for P. At this QCP, B(T)/T, C(T)/T, and I(T) 
diverge with unusual power-law exponents. 

Stoichiometric FM metals with a Curie tem- 
perature 7; below | K are very rare. The Kondo- 
lattice system YbNi4P> is one, with a remarkably 
low Tc = 0.17 K (21). This is mainly a result of 
substantial Kondo screening (with a Kondo tem- 
perature Tx ~ 8 K) of the magnetic Yb** ions 
[Ni is not magnetic (22)], leaving a FM ground 
state with a small ordered moment of ~0.05 Bohr 
magneton (113) (23) and strongly enhanced electron- 
electron correlations (2/). It is, therefore, a partic- 
ularly suitable system to search for and explore 
FM quantum criticality. 

A preliminary study on YbNigP> polycrys- 
tals, in which the low-temperature transition at 
Tc was discovered (2/), indicated peculiar non- 
Fermi liquid (NFL) properties in transport and 
thermodynamic quantities above 7: in partic- 
ular, a stronger-than-logarithmically diverging 
Sommerfeld coefficient C(T)/T and a linear 
T-dependence of the electrical resistivity p(7). 
These results suggest the proximity of a FM QCP; 
Tc could be tuned smoothly to zero through the 
isoelectronic substitution of larger As for P, ex- 
panding the crystal lattice and causing, in Yb sys- 
tems, an increase of 7, and a reduction of 7. 
(24). We report thermodynamic and transport 
measurements on single crystals of stoichiometric 
YbNi4P> (23) as well as YbNi4(P|—.AS,)2, with x 
between 0.04 and 0.13. YbNi4P2 has a crystalline 
structure of the tetragonal ZrFe,4Si, structure type 
(P4>/mnm), with the Yb** ions located between 
chains of edge-connected Ni tetrahedra. The Yb 
ions form chains along the crystallographic c 
direction, with the lattice parameter a = 7.0565 A 
being almost twice as large as c = 3.5877 A 
(Fig. 1A, inset) (22). Band-structure calculations 
show that three sheets of the Fermi surface have 
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Fig. 1. Temperature dependence of the magnetic and electrical properties of YbNigP2. (A) Real part of 
the magnetic susceptibility y’ plotted as a function of temperature, measured perpendicular (x’,) and 
parallel (y',) to the c axis. The orange dashed line emphasizes the T~°°° behavior of x’, versus T 
below 10 K. (Inset) Unit cell of YbNi,P>. (B and C) Electrical resistivity p plotted as a function of 
temperature and measured with current j (B) perpendicular and (C) parallel to the crystallographic 
c axis. The kinks at 7c disappear at fields gH > 0.05 T in both field directions. At a field of 0.1 T, 
both resistivities follow a temperature dependence close to 7* below Tr, (arrows). 
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Fig. 2. Magnetic phase diagrams 
of YDNi,P2. (A) C/T versus T of 
YbNi,P2 measured at magnetic 
fields H || c. The dashed orange 
line emphasizes the T~°*? power- 
law behavior observed above 0.2 K 
up to about 6 K. The dotted black 
line is the specific-heat contribu- 
tion calculated within the single- 
ion S = 1/2 Kondo model of (25), 
with Ty = 8 K and C/T scaled by a 
factor of 0.5 for better visibility. (B) 
C/T versus T of YbNi,P2 measured 
at magnetic fields H 1 c. In (A) and 
(B), the nuclear Schottky contribu- 
tion has been subtracted from the 
raw specific-heat data (32). (C)Mag- C 
netic phase diagram for H || c, de- 
rived from equal-entropy construction 
for the phase-transition anomaly in 
the specific-heat coefficient [C(7)/7], 
kink in the linear magnetostriction 
AL(T)/L (fig. $10), inflection point 
of the ac-susceptibility, and first 
derivative of the resistivity [p(7)]. 
The paramagnetic (PM) region is 
separated from the ferromagnetic 
(FM) region, where the moments 


C/T (JimolkK2) 


are aligned within the (a,b) plane, by a phase transition of the second 
order (solid black line). The dashed lines in (C) and (D) indicate the cross- 
over between the PM and the ferromagnetically polarized (FP) regions, 
determined by the maxima in the ac-susceptibility (fig. $8). (D) Magnet- 


a pronounced 1D character (2/), which may be 
relevant to the understanding of the unusual NFL 
behavior of YbNi4P>. Because adjacent Yb chains 
are shifted by c/2, Yb*" ions experience a crys- 
talline electrical field (CEF) that is rotated by 90° 
from chain to chain, although the symmetry on 
each Yb site is the same. This causes frustration 
between neighboring chains, which together with 
strong electron-electron correlations may enhance 
the strength of quantum fluctuations. 

We first focus on stoichiometric YbNi4P>. The 
strongest evidence of the FM order is provided 
by the real-part of the ac-susceptibility, x'(7), mea- 
sured both with field H || c (y'y) and H + ¢ (x',) 
(Fig. 1A). Although the CEF anisotropy results 
in a much larger ground-state moment along the c 
direction than in the (a,b) plane, the FM ordering 
is perpendicular to c. As T is lowered toward 
Tc = (0.150 + 0.005) K, x’, increases sharply 
up toa value of ~200 x 10 ° m?/mol (4 in SI units). 
Below 7¢, a pronounced increase of the imag- 
inary part x", of Xac(7) (Hic) is observed, repre- 
sentative of energy dissipation (fig. S7). In the 
same 7 region, x’, is only weakly 7-dependent, 
possibly because the coercive field of the mag- 
netic hysteresis is very small (2/). x’ increases 
with decreasing 7, following a T °°° power law 
below 10 K down to 7c, where it saturates at a 
value of ~17 x 10 °m*/mol. This anisotropy of 
the susceptibility suggests that the spins align 
perpendicularly to the c direction, and y', mea- 
sures the transversal fluctuations. Clear kinks are 
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(fig. $8). 
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ic phase diagram for H 1 c derived from C(7), p(T), and y'(7). The vertical 
green line at H = 0 indicates that the FM order exists at H = 0 only. The 
orange circles mark the increase of x'(7) below the crossover temperature 
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Fig. 3. Tuning 7; to zero by As substitution. (A) Specific heat C(7) divided by T of YbNi,(P;_,As,)2 for 
indicated values of x at H = 0. With increasing x, the FM transition temperature is tuned to zero. For x = 
0.08, C/T follows a T~°*? power law with a deviation below 0.25 K to T~°6 (orange dashed lines). (B) 
Linear thermal-expansion coefficient o(7) divided by 7 of YbNi,(P;_,As,)2 with x = 0, 0.08, and 0.13 
measured in zero field along (allc) and perpendicular (ac) to the c axis. Here, the orange dashed 
lines emphasize the T~°®° and -T~°% power-law behavior of o/T versus T along the crystallographic c 
and a directions, respectively. For YbNig(Po.g7ASo.13)2, the coefficient o(7)/T tends to saturate below 1 K, 


indicating noncritical behavior. 


seen at 7¢ in the resistivity curves p, (7) and 
py (7), with current / perpendicular (Fig. 1B) 
or parallel (Fig. 1C) to the c axis. Below 7¢, the 
resistivity follows a T” power law, with n, = 2.9 
and n= 2.5, very likely because of charge-carrier 
scattering from FM magnons. As in the poly- 
crystals, the resistivity is quasi-7-linear just above 
Tc. Such a NFL property, when observed over a 


sufficiently extended temperature range, is com- 
monly considered a hallmark of quantum criti- 
cality (7, 2, 15, 16). Because of the relatively low 
Kondo temperature, 7 ~ 8 K, a proper p ~ 7” 
behavior is observed only within the rather nar- 
row temperature window 0.15 K<7<1K.In 
this range, p = po + AT", with n, = 1 and ny = 1.2, 
and the coefficient 4, = 21.6 microhm-cm/K is 
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Fig. 4. Quantum critical behav- 
ior in YbDNi4(P1_,As,)2. (A) Low- 
temperature ac-susceptibility 
for x = 0.08, measured at H = 0, 
where a rounded maximum is 
visible at 7. = 0.028 K in x’, (7). 
(B) T—x phase diagram: The FM 
QCP is located at x, = 0.1. (C) 
Temperature dependence of C/T 
and B/Tfor the YbNiq(Po92Asoog)2 «~C 
sample, which is the sample 
closest to the FM QCP. Both quan- 
tities diverge with decreasing 
Tas Cnr oc 77043 (o | head be- 
low 0.25 K) and B(T)/T oc T~°%4, 
(Inset) Temperature dependence 
of the absolute value of the di- 
mensionless Griineisen ratio T = 
Volk * B/C for x = 0.08 [using 
the isothermal compressibility 
Ky =5.3 x10 Pa * of YbRh,Si, 
(33)] which reveals the presence 
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of quantum critical fluctuations at the FM QCP. The dashed red line emphasizes the 7°? divergence of I'(7) 


in zero field. 


much larger than Ay = 3.8 microhm-em/K'”. This 
indicates a Fermi velocity that is much higher 
along the Yb chains than within the (a,b) plane, 
which is in accordance with the anisotropic Fermi 
surface (2/). 

Additional thermodynamic evidence of the 
phase transition at 7¢ and of the in-plane FM 
order is presented in Fig. 2, A and B, in which the 
T and H dependences of the specific heat are 
shown together with the result of the single-ion 
Kondo model (25). At H= 0, a sharp A-type phase 
transition in C/T versus Tis observed, associated 
with a small change of the molar 4/derived en- 
tropy (1% of Rin2, with R = 8.31 J/molk). A mag- 
netic field applied parallel to the c axis shifts 
the transition temperature to lower T (Fig. 2A), 
whereas for H 1 c, the crossover to the polarized 
state is shifted to higher temperatures (Fig. 2B). 
This is corroborated by the H dependence of 
X(T) (fig. S8, A and B): For H + c, a sharp peak 
appears already at very low fields, where the sys- 
tem directly enters the polarized state, and then 
broadens at higher fields. The resulting magnetic 
phase diagrams are displayed in Fig. 2, C and D. 
These observations point to in-plane FM order in 
YbNi4P2, although neutron-diffraction experiments 
are required to determine the exact magnetic struc- 
ture, which very likely is not collinear. 

At H=0, C(TYT increases below 6 K, fol- 
lowing a T °3*°? nower law over a notably wide 
range down to 0.2 K, where classical thermal 
fluctuations associated with the phase transi- 
tion set in. A similar power law [C(T)/T °¢ T OAT 
has been observed at the field-induced QCP of 
YbRh,Si>, an AFM system with strong FM fluc- 
tuations (/5). For YbNi4P2, a pronounced A-peak 
at 7c indicates a second-order phase transition. 
This, and the distinct NFL properties above 7c, 
suggest that this compound is located in the close 
vicinity of a QCP, where 7; — 0 smoothly. 


To approach the QCP, we used arsenic 
substitutions of x = 0.04, 0.08, and 0.13 in 
YbNi4(P)—,As,)2. The QCP is achieved at x, ~ 
0.1, as demonstrated by calorimetric and dila- 
tometric results in Fig. 3, A and B, and in the 
phase diagram of Fig. 4B. For x = 0.04, the 
phase transition remains FM and second order 
(Fig. 3A, green diamonds); in fact, C(T)/T of 
YbNi4(Po.96ASo.94)2 has been measured at H 1 c, 
and the transition was found to be shifted to 
higher 7 with increasing H (fig. S6). For x = 0.08, 
C(T)T increases continuously down to 0,06 K, 
and no phase transition is detected. C(7)/7 can 
be described by the same 7-dependence as for 
YbNi4P> down to 0.25 K, where a slight devi- 
ation from this power law (to 7 °°) is visible 
(Fig. 3A, orange dashed lines). Pronounced 
changes of the 7-dependence of C(T)/T and 
of the Griineisen ratio (7) were observed in 
YbRh,Si> below 0.3 K (5, /5, 20); in our case, 
this deviation results in only a minor change of 
I(T) (figs. S12 and $13). Measurements of x'(7) 
down to 0.02 K picked up a transition at 0.028 K, 
which is similar to the behavior observed in 
YbNi4P> (Fig. 4A and fig. S9). This implies that, 
also for x = 0.08, the transition is FM and sec- 
ond order. For x = 0.13, no phase transition is 
observed, and C(7)/T versus T seems to follow 
the same T dependence down to 0.1 K, but with 
smaller absolute values. This indicates that the 
same power-law divergence observed in C(7\/T 
for the pure system is retained across x,. 

The observed NFL features suggest the pres- 
ence of strong quantum fluctuations (/2, 13, 26-29) 
but do not directly imply the existence of a FM 
QCP, that these fluctuations become critical at 
x, ~ 0.1 (73, 29). One key experiment to provide 
direct evidence of quantum critical fluctuations 
is the combined measurement of the volume- 
thermal-expansion coefficient B = oy + 20, (with 
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a and o., being the linear expansion coefficients 
along c and a, respectively) and the specific heat 
of the same crystal, with x as close as possible to 
x, (19, 20). The Griineisen ratio (7) at x,. should 
diverge as T '” with parameters v, the spatial 
correlation-length exponent, and z, the dynamical 
exponent (/9). 

Whereas for YbNi4P>, a change of sign in 
a(T)T is clearly visible at 7c. (Fig. 3B), as ex- 
pected at a second-order phase transition (30), 
for YbNi4(Po,o2ASo.08)2, no sign change can 
be seen down to 0.06 K, in accordance with 
Tc = 0.028 K. Upon cooling, the ratios o/T 
and o.,/T diverge with similar exponents, yielding 
B(TYT ox T° Although this is consistent 
with 3D FM spin fluctuations (/9), the power- 
law divergence of the Sommerfeld coefficient 
C(T)/T is at odds with the expected logarithmic 
behavior, C(7)/T ° log(1/T), for an itinerant 
3D FM QCP (/9). For x = 0.13, «(7)/T saturates 
below | K, indicating the crossover to a heavy 
Fermi liquid phase (3/). 

The key evidence for the FM QCP in 
YbNi4(P}—,AS,)2 is summarized in Fig. 4C. At 
x = 0.08—-very close to x,—not only do both 
C(T)/T and B(7)/T diverge with power-law ex- 
ponents 7 °*3 (7~°* below 0.25 K) and T°, 
respectively, but the dimensionless Griineisen 
ratio diverges as T(T) cc T°??*0% (Rig 4C, 
inset). This strongly indicates the existence of a 
QCP at x,.~ 0.1. The critical exponent 4 = —0.22 
rules out an itinerant QCP scenario because it 
leads to vz ~ 5, which is much larger than for 
itinerant FM systems (v = 1/2, z = 3). 

The unexpected power-law exponents in all 
thermodynamic quantities, indicating the pres- 
ence of strong FM quantum critical fluctuations, 
require new theoretical concepts beyond the itin- 
erant spin-fluctuation theory (2). These concepts 
must take into account the localized nature of 
the Yb-4f states in the presence of very strong 
spin-orbit coupling when compared with the CEF. 
Further, the Kondo coupling of the 4/states to the 
conduction electrons must be considered. Iso- 
thermal measurements of the Hall coefficient on 
YbNi4(P\_,As,)2 with x > ~0.1 under hydrostatic 
pressure would greatly help to investigate the 
exciting possibility that the FM QCP concurs 
with a localization-delocalization transition of 
the Yb-4/ states, similar to what was reported 
for YbRh,Si at its AFM QCP (5, /6, 77). The 
extent to which the FM instability in As-doped 
YbNi4P> is affected by the 1D character of the 
electronic structure must also be clarified. 
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Living Crystals of Light-Activated 
Colloidal Surfers 


Jeremie Palacci,** Stefano Sacanna,* Asher Preska Steinberg,” David J. Pine, Paul M. Chaikin* 


Spontaneous formation of colonies of bacteria or flocks of birds are examples of self-organization 
in active living matter. Here, we demonstrate a form of self-organization from nonequilibrium 
driving forces in a suspension of synthetic photoactivated colloidal particles. They lead to 
two-dimensional “living crystals,” which form, break, explode, and re-form elsewhere. The dynamic 
assembly results from a competition between self-propulsion of particles and an attractive 
interaction induced respectively by osmotic and phoretic effects and activated by light. We 
measured a transition from normal to giant-number fluctuations. Our experiments are quantitatively 
described by simple numerical simulations. We show that the existence of the living crystals is 
intrinsically related to the out-of-equilibrium collisions of the self-propelled particles. 


elf-organization often develops in thermal 
equilibrium as a consequence of entropy 
and potential interactions. However, there 
are a growing number of phenomena where order 


Fig. 1. (A) Scanning electron microscopy (SEM) of 
the bimaterial colloid: a TPM polymer colloidal sphere 
with protruding hematite cube (dark). (B) Living crys- 
tals assembled from a homogeneous distribution (inset) 
under illumination by blue light. (C) Living crystals melt 
by thermal diffusion when light is extinguished: Image 
shows system 10 s after blue light is turned off (inset, 
after 100 s). (D to G) The false colors show the time 
evolution of particles belonging to different clusters. 
The clusters are not static but rearrange, exchange 
particles, merge (D--F), break apart (EF), or become 
unstable and explode (blue cluster, FG). For (B) to 
(GQ), the scale bars indicate 10 um. The solid area 
fraction is D, = 0.14. 
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arises in driven, dissipative systems, far from 
equilibrium. Examples include “random organi- 
zation” of sheared colloidal suspensions (/) and 
rods (2), nematic order from giant-number fluc- 


tuations in vibrated rods (3), and phase separation 
from self-induced diffusion gradients (4). Bio- 
logical (5—7) and artificial active particles (S—//) 
also exhibit swarm patterns that result from their 
interactions (/2—/5). 

In order to study active, driven, collective 
phenomena, we created a system of self-propelled 
particles where the propulsion can be turned on 
and off with a blue light. This switch provides 
rapid control of particle propulsion and a con- 
venient means to distinguish nonequilibrium ac- 
tivity from thermal Brownian motion. Further, 
the particles are slightly magnetic and can be 
stabilized and steered by application of a mod- 
est magnetic field. Our system consists of an 
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active bimaterial colloid. A polymer sphere, 
3-methacryloxypropyl trimethoxysilane (TPM), 
encapsulates most of a canted antiferromagnetic 
hematite cube (/6), but with part exposed to the 
solvent (Fig. 1A). The particles are immersed in a 
basic solution (pH ~ 8.5) containing hydrogen 
peroxide [0.1 to 3% weight/weight (w/w)], 5 mM 
tetramethylammonium hydroxide, and 3.4 mM 
sodium dodecyl sulfate (SDS) (76). Under nor- 
mal bright-field illumination, the colloids are at 
equilibrium with the solvent and thus sediment 
toward the bottom glass surface of the observa- 
tion cell. When illuminated through the micro- 
scope objective with blue-violet light (A ~ 430 
to 490 nm), the particles exhibit self-propulsion 
(movie S1). The motion, with a velocity up to 
15 m/s, only takes place at the cell surface, 
whether it is the bottom, the vertical side walls, or 
the cell top. Individual particles undergo a ran- 
dom walk with a persistence length determined 
by the reorientation time t, = 8.0 + 1.5 s, con- 
sistent with Stokes-Einstein rotational diffusion. 

In equilibrium, with no blue light, the parti- 
cles diffused and were disordered (Fig. 1B, inset). 
At surface area fractions ®, = 7%, cooperative 
behavior of the light-activated colloids began to 
emerge. Crystallites started to form in the sample 


25 s after the light was turned on. An image of the 
crystals after 350 s is shown in the main part of 
Fig. 1B. Immediately after the light was extin- 
guished, the crystallites began “dissolving” be- 
cause of thermal diffusion (Fig. 1C); after 100 s, 
there was no trace of the crystals (Fig. 1C, inset). 
Although the particles formed organized crystal- 
lite structures under illumination, those struc- 
tures were not static (movie S2). The crystallites 
actively translated and rotated, collided, joined, 
and split (Fig. 1, D to G). These “living crystals” 
reached a dynamic steady state of creation and 
self-destruction. They did not grow to incorporate 
all available particles, as would be the case for an 
equilibrium system with attractive interactions. 
We measured an average cluster size of ~35 
particles, which did not seem to depend on ®, > 
10%. The lifetime of the crystals was finite and 
broadly distributed. The typical time for a cluster 
to change its size by 50% is 100 + 75 s. Fluc- 
tuations in the local number N of particles fol- 
lows a power law AN ~ N“. There is a transition 
at Dg ~ 7% from normal o = 1/2 to giant fluc- 
tuations @ = 0.9, in line with recent predictions 
for disordered clusters in a system of polar iso- 
tropic active particles (/7) and observed in a gran- 
ular system (/8). 
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To understand the mechanisms involved in 
the self-propulsion and crystallization, we per- 
formed a series of experiments on the separate 
components of our composite colloid, the hema- 
tite cube, and the polymer sphere. First, we at- 
tached a hematite cube to a glass substrate and 
immersed it in our solution of surfactants, buffer, 
and H,O . Then, 1.5-"m-diameter colloidal tracer 
particles of polystyrene, silica, or TPM were added. 
The tracers were observed to diffuse randomly 
under normal bright-field illumination. When il- 
luminated with blue light, however, the tracers all 
moved toward the immobilized hematite cube 
(movie S3), converging on it from all directions, 
as indicated by the cartoon in Fig. 2A. This ob- 
servation rules out advection, because advective 
fluid flow must have zero divergence. Therefore, 
the motion of the colloids toward the hematite 
particle must be caused by a phoretic motion (/9) 
induced by some gradient generated by the cube. 
Under blue-light illumination, hematite catalyzes 
the exothermic chemical decomposition of HO2, 
creating thermal and chemical (H2O, and O ) 
gradients. Heating studies of the system sug- 
gest that diffusiophoresis is more important than 
thermophoresis in our system. The motion of 
the tracers toward the cube can be quantified by 


Fig. 2. Out-of-equilibrium driving forces. (A) A hematite cube, 
indicated by an arrow, is immobilized on a surface and immersed in a 
solution of colloidal tracers. At t = 0 s, the blue light is switched on, 
triggering the decomposition of hydrogen peroxide on the hematite 
surface. The tracers are attracted to the hematite until they contact the 
cube. The attraction is isotropic with particles coming from all 
directions, thus discounting advective flow that must exhibit zero 
divergence. When the light is turned off, the attraction ceases and the 
tracers diffuse away. (B) The attraction is quantified by the radial 
velocity V,, extracted from the ensemble average of the tracer drift 
(inset, black symbols) and is consistent with the r-* behavior (red 
dashed line) expected for phoretic attraction to a reaction source. 
Error bars represent the uncertainty in the determination of the 
velocity from the position measurement. (C) A hematite cube 
protruding from a TPM polymer sphere moves on fixed glass substrate 
when exposed to blue light (red part of trace) and diffuses when the light is off 
(black part of trace). Initially, with no light, the hematite cube is oriented 
randomly (image, right) but rotates and faces downward toward the glass 
substrate when the light is turned on (image, left). The particle then surfs on the 
osmotic flow it induces between the substrate and itself. (Inset) A superposition of 
the trajectories of many particles with their origins aligned. (D) The particle 
velocity V increases with light intensity P and follows Michaelis-Menten law (red 
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dashed line). The black arrow indicates the point of zero velocity for P = 0. (E) The 
particle velocity is also strongly dependent on the Debye length Ap of the system 
and asymptotically follows the V °c A.p° scaling expected for osmotic mechanisms 
(red dashed line). The Debye length is varied by adding NaCl to the buffer solution 
except for the blue symbol, for which the SDS surfactant is suppressed to reach 
higher Ap. The error bars in (D) and (E) are given by the standard deviation of the 
velocity measured for 10 to 20 different particles. 
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monitoring their position versus time and calcu- 
lating their velocity as a function of distance from 
the particle (Fig. 2B). The dashed line through the 
data is a fit to A/* (where 4 is a fitting parameter 
and r the center-to-center distance between the 
tracer and the hematite particle), consistent with a 
diffusive concentration profile C °° C,1 — Bir). 

Phoresis and osmosis are complementary in- 
terfacial phenomena: In a gradient, a free colloid 
will exhibit a phoretic migration, whereas a fixed 
surface of the same material will exhibit an 
osmotic flow at its surface in the opposite direc- 
tion (/9). Therefore, a particle phoresing to the 
right has an osmotic flow at its surface to the left. 
Just as a silica colloid is attracted to a hematite 
cube, a free hematite particle is attracted to a sta- 
tionary silica surface. Therefore, when we add free 
cubes to a sample cell, the silica surface of the 
cover slip attracts the cubes. Indeed, we ob- 
served that hematite cubes were quickly drawn 
to the glass substrate as soon as blue light was 
turned on. 

Unexpectedly, once on the glass substrate, the 
hematite cubes continue to move on the glass 
surface when illuminated with blue light. Naively, 
one might expect the cubes to remain station- 
ary, because the osmotic flow on the cover slip 
surface is away from the cube and ideally should 
be symmetric. However, the symmetry is broken 
either by imperfections on the cube or spontane- 
ously by an instability where the motion of the 
cube induces different gradients fore and aft. 
Thus, in a solution of free hematite cubes we see 
attraction of the cubes to the surface followed by 
self-propulsion of the cubes surfing on the sub- 
strate when the light is turned on. 

When using a suspension of our composite 
particles, a hematite cube in a TPM sphere, we 
observed a similar scenario. When illuminated 
with blue light, the composite particle reoriented 
so that the exposed hematite sat on the glass 
substrate (Fig. 2C, insets) and then began to move 
at speeds comparable to that of the hematite 
alone. Figure 2C shows the trajectory of a single 
composite particle, with the light turned on then 
off, whereas the inset shows a superposition of 
many trajectories with their origins aligned. The 
self-propelled motions are isotropic and diffusive 
with a persistence length (15 to 100 um) deter- 
mined by the rotational diffusion time and the 
velocity of the particle. The velocity of the par- 
ticles depends weakly on the HO, concentration 
but strongly on the light intensity and the Debye 
screening length. The velocity versus light inten- 
sity, P, follows Michaelis-Menten law (20) behav- 
ior characteristic of a catalytic reaction (Fig. 2D). 
Figure 2E suggests that the composite particle 
velocity asymptotes to a quadratic behavior with 
Debye length Ap (2/), a behavior expected from 
osmotic effects within a Debye length of a sur- 
face where the driving force © Ap and the drag 
force is & velocity/Ap (19, 22). 

If we now consider a solution of composite 
particles activated by light, two effects have to be 
taken into account: (1) the collisions between our 


Fig. 3. Numerical simulations of self-propelled disks coupled by a phoretic attraction. Simulation 
parameters were defined to mimic the experimental conditions. (A) Starting from a homogeneous 
distribution (B) (~t = 8~7,), the disks assemble in mobile crystalline clusters with faceted edges. (C to E) 
The false colors show the time evolution of particles belonging to different clusters. The crystals are mobile 
[(© to (E)], can merge [(C) and (D)], and can break apart or dissolve [(D) and (E)]. This minimal model 
reproduces the experimental dynamics of the living crystals and demonstrates the relevance of the 
proposed mechanism. We used parameters consistent with the experimental conditions of Fig. 1: ®, = 
0.14, 7, = 16 and A = 0.87 [see (16) for a definition of the reduced parameters, indicated by tildes]. 


self-propelled particles surfing on the osmotic 
flow they set up and (ii) the phoretic attraction 
between the particles. In order to see whether 
these effects explain the formation of our living 
crystals, we performed simulations guided by our 
experimentally determined parameters. 

We considered a minimal numerical model 
(/6) in which the self-propelled colloids are rep- 
resented by self-propelled hard disks that move 
with a constant velocity in a direction that changes 
randomly on a time scale 1, determined by ro- 
tational diffusion. We modeled the phoretic at- 
traction between particles as a pairwise attraction 
between nearby particles consistent with the 
phoretic velocity (red line in Fig. 2B). If a dis- 
placement makes two disks overlap, the particles 
are separated by moving each one half the overlap 
distance along their center-to-center axis. We tried 
various approximations to account for the effect of 
(hydrodynamic) lubrication forces in the crystals, 
for example, increase of the apparent viscosity, 
and found little qualitative difference. 

In Fig. 3 and movie S4, we present the results 
of simulations in which the attractive phoretic 
effects are taken into account. For our experi- 
mental conditions ®, ~ 3 to 20% and ~ 300 to 
1500, the simulations reproduce the crystallite 


formation as well as the size and lifetime of the 
crystallites quite well. The simulations (Fig. 4, A 
and B) also capture the transition observed ex- 
perimentally from normal to giant fluctuations of 
number, above a critical density of ~T%+t1%. 
If we turned off the pairwise phoretic attraction, 
we observed large spatiotemporal fluctuations of 
density with normal number fluctuations, 0, ~ 0.5 
(Fig. 4B). The formation of clusters that grow 
and decay is recovered at much higher particle 
concentration, ®, > ~35 to 45% (fig. $2). 

Our understanding of the living crystals comes 
from the idea that active particles undergo dif- 
fusive motion with a large persistence length when 
not in “contact” but slow down, translate, and 
diffuse more slowly when they are in contact. The 
slowing down results from the inability of particles 
to penetrate their neighbors when encountered. 

Several recent papers have pointed out that 
such density-dependent diffusion can lead to giant 
fluctuations, clustering, and phase separation in 
nonequilibrium systems (/7, 23-26), however, at 
much larger surface density. The formation of non- 
crystalline clusters of active particles has been 
reported with bacteria coupled through short-range 
depletion interaction (27) and Janus particles with 
chemical attraction (28). 
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Fig. 4. (A) Number fluctuations mea- 
sured in the simulations for varying 
®, values, in the range 1 to 15% 
for N = 600 particles [t, = 16 and 
A = 0.87 from the experiment, see 
(16)]. The system exhibits a transi- 
tion from normal to giant fluctua- 
tions for Bf ~ 7%. (B) Scaling o of 
the number fluctuations, AN o< N°, 


for various ®, values measured in the 
experiment at equilibrium (black sym- 
bols), under activation by the light 
(blue symbols), and in the simulations 
with (A = 0.87, red open symbols) 
and without (A = 0, magenta open 
symbols) attraction. We observed nor- 
mal fluctuations, a = 1/2, at equi- 
librium. The driven system exhibited a 
transition from normal fluctuations, 
0. = 12, to giant-number fluctuations, 
a ~ 0.9, at B, ~ 7% in both the ex- 
periment and the simulations. The 
slight decay of the exponent observed 
in experiments and simulations is a 
finite size effect. Error bars indicate 
the standard deviation in the mea- 
surement of the exponent. (C) Scaling 
o. of the number fluctuations for VW = 
1000 (blue symbols), WV = 600 (red), 
and N = 400 (magenta) particles in 
the simulations. For NV = 400, the 
curve after 50t, (square) collapses 
with 35c, (circles), showing that the 
scaling is steady. (D to I) Investigating 
the crystal mechanism. We used an 


external magnetic field By ~ 1 mT to orient the particles and direct their motion. 
The red arrow is the orientation of By. (D and E) The magnetic field is 
turned on, and the light is on; the crystal is self-propelled in the direction 
of the magnetic field, and crystal breakup is suppressed. (F) The light is 
turned off, and the magnetic field Bo is left; the crystal dissolves. (G) The 


We always observed the intermittent forma- 
tion and breakage of the large crystals. This dif- 
fers from the equilibrium nucleation and growth 
ofa crystal of attractive colloids or the asymptotic 
formation of a single cluster from an assembly 
of self-propelled disks reported by Fily and 
Marchetti (77) (at higher number and density of 
disks than in our experiment). 

In order to investigate the underlying mech- 
anisms, we took advantage of the magnetic prop- 
erties of the embedded hematite cube. Under an 
external magnetic field (B ~ 1 mT), the alignment 
of the hematite slighty tilts the orientation of the 
particle, and the self-propulsion proceeds in a 
direction parallel to the field, suppressing the ro- 
tational diffusion. 

We test two crucial aspects of our scenario in 
Fig. 4, D to I, and movie S5. We suggest that the 
crystal breakup depends on the velocity redirec- 
tion by rotational diffusion of the particles in the 
crystal. If the direction of all the particles are 
aligned by using an external magnetic field, then 
the crystal will not break up. This is shown in 
Fig. 4, D and E, and movie S5. Also note the 
suppression of the breakup in the magnetically 


steered crystal in movie S6. We also claim that 
collisions are required for crystal formation. In 
Fig. 4F we turned off the light and the crystal 
dissolved. With the magnetic field off, we turned 
on the light, the particles collided, and the crystal 
re-formed (Fig. 4G). We turned off the light and 
redissolved the crystal in Fig. 4H. We then first 
turned on the magnetic field and then the light 
(Fig. 41). The particles all moved in the same 
direction and did not collide, and there was no 
crystallization. 

We have demonstrated a form of self-assembly 
from nonequilibrium driving forces leading to 
living crystals with complex dynamics. The os- 
motically driven motion and steric hindrances lead 
to the formation of dynamic aggregates. The in- 
troduction of a small attractive interaction, in this 
case arising from phoresis, orders the aggregates 
into periodic crystals at low surface fraction. 
Phoretic and osmotic effects in our system can 
conveniently be switched on and off by light. 
Rotational diffusion of the particles reorients their 
motions, leading to a finite persistence length, 
crystal evaporation and breakup, and finite size 
and lifetime of the crystals. The use of active 
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magnetic field is turned off, and the light is turned on; particles collide, 
and the crystal re-forms. (H) The light is turned off, and the magnetic field 
remains off; the crystal dissolves. (I) The magnetic field is turned on first, 
and then the light is turned on. The particles all move in the the field 
direction; they do not collide and do not crystallize. 


particles and nonequilibrium forces for directed 
self-assembly opens a new area for design and 
production of novel and moving structures. The 
fact that they can be turned on and off with visible 
light adds control to this system, as does the ability 
to use external magnetic steering. 
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Shallow groundwater affects terrestrial ecosystems by sustaining river base-flow and root-zone 
soil water in the absence of rain, but little is known about the global patterns of water table depth 
and where it provides vital support for land ecosystems. We present global observations of water 
table depth compiled from government archives and literature, and fill in data gaps and infer 
patterns and processes using a groundwater model forced by modern climate, terrain, and sea 
level. Patterns in water table depth explain patterns in wetlands at the global scale and vegetation 
gradients at regional and local scales. Overall, shallow groundwater influences 22 to 32% of 
global land area, including ~15% as groundwater-fed surface water features and 7 to 17% with 
the water table or its capillary fringe within plant rooting depths. 


face between the oxygenated soils and 
the water-saturated aquifers below. Where 
shallow, it can influence land surface in multiple 
ways. For instance, shallow groundwater pro- 
vides base-flow to rivers and lakes maintaining 
aquatic ecosystems in dry periods (/, 2). Shallow 
groundwater tables impede drainage and create 
water-logged soil conditions defining wetland hab- 
itats (2, 3). A shallow water table supplies root- 
zone soil water and photosynthetic production in 
droughts through capillary rise (4-7). To under- 
stand the influence of groundwater on terrestrial 
ecosystems, a regional and global assessment of 
water table depth (WTD) is required. However, 
WTD monitoring and reporting are highly var- 
iable across the globe and often limited to devel- 
oped regions, and despite the many large-scale 
syntheses of groundwater conditions (8—/3), there 
remains the lack of a global water table map. 
We present global observations of WTD at 
1,603,781 well sites compiled from government 
archives and published literature (/4) (Fig. 1). 
Where government data are absent, we searched 
the literature for published data, which is the main 


T= groundwater table is an undulating sur- 
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source for Africa and Asia, where large data gaps 
still remain. The mean is shown where time series 
are available, but >90% of the sites have only one 
reading (at different times), The observed WTD 
varied from land surface to >200 m, but the dis- 
tribution peaks at 2 to 7 m (Fig. 2). The 2- to 
7-m peak reflects sampling bias; observations 
are made for resource monitoring where humans 
settle (excluding large swamps and deserts) and 
where the water table is lowered by pumping or 
drainage (figs. S1 and S82). 

At first glance, there is a lack of coherent pat- 
terns; shallow WTD is found in both humid 
and arid climates and at both low and high ele- 
vations. However, some global trends do emerge. 
First, it is common for WTD to be <5 m. Sec- 
ond, the shallowest WTD (<0.25 m) is more 
common in humid climates (e.g., eastern and 
northern North America), pointing to some level 
of climate control. Third, shallow WTD is also 
found in arid valleys (e.g., the southwest United 
States), suggesting terrain-driven moisture con- 
vergence that overrides climate divisions. However, 
the large spatial gaps and temporal inconsistency 
prohibit further insights and invite a mechanistic 
model to elucidate the interplays among the mul- 
tiple drivers at various scales. 

To fill in observation gaps and infer patterns 
and process controls, we used a previously de- 
veloped groundwater model forced by present- 
day climate, terrain, and sea level (3) (fig. S3). 
The model simulates vertically integrated later- 
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al groundwater movement among grid cells at 
30 arc-second (~1 km) grid spacing to resolve 
multiscale convergence within computational 
limits (14). We assume that, first, the perme- 
ability of continental crust drops exponentially 
with depth and the rate depends on land slope 
(4), so that flat valleys accumulate thick sedi- 
ments (fig. S4C). Second, at any location, there 
is only one water table (neglecting local, perched 
aquifers). Third, groundwater pumping, irrigation, 
and drainage are not represented by the global 
land models providing recharge here. Thus, the 
model neglects local complexity and human in- 
fluence and only captures the broad-scale and 
natural patterns that are our primary focus. 

The model water table (Fig. 3) seems deeper 
than observations in arid regions because the 
observations favor valleys and oases (shallow 
WTD) where humans live, as seen when plot- 
ting only grid cells with observations (fig. S6). 
We evaluated the model by examining the resid- 
ual (model-observation difference) over differ- 
ent continental regions (figs. S7 to S11), which 
suggests that the minimally simple model offers 
a realistic, albeit broad-scaled, sketch of global 
water table condition that can shed light on spa- 
tial patterns and processes. 

The WTD distribution (Fig. 2) differs sub- 
stantially between observations and the model 
results. The model suggests a much higher frac- 
tion of WTD <1 m because it includes surface 
water features (rivers, lakes, and inundated wet- 
lands) fed by groundwater discharge (WTD < 0) 
that are not sampled by wells, and few observa- 
tions are in the vast boreal and interior swamps. 
At the deeper end, the model suggests a higher 
fraction of WTD > 30 m because few observa- 
tions are in large deserts. The higher occurrence 
of observations in the 2- to 30-m range reflects 
observational bias. 

The model offers a globally continuous but 
simpler (climate equilibrium, neglecting local ge- 
ology) view of WTD at its natural states (with- 
out pumping or drainage). At the global scale, 
sea level is the dominant driver; WTD is shal- 
low along the margins of all continents in all 
climates, but the ribbon of shallow WTD is wider 
where flat coastal plains meet the sea. This rib- 
bon correlates well with the coastal wetlands of 
the world, some extending far inland across flat 
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coastal plains and up lowland valleys. Sea-level continental shelves following sea-level change of deep WTD correspond to regions of low re- 
forcing on land hydrology is well known (al- _ through past glacial-interglacial shifts (3, /5). charge; the great deserts of the world stand out. 
though not implemented in large-scale models); At the regional scale, climate emerges as the So do the tropical swamps with high recharge 
coastal wetlands have migrated up and down the __ primary driver. In mid- and low latitudes, regions (Amazon and Orinoco). In the boreal region, 
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Fig. 1. Observed water table depth (m) compiled from government archives and literature (1,603,781 sites). Temporal mean is shown where time 
series are available. 
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climate control takes the form of frozen ground, 
where the thin thawed layer limits drainage. The 
large patches of shallow water table here coin- 
cide with Pan-Arctic peatlands of the world. The 
thin active layer is compounded by flat, low ter- 
rain, pointing to regional topographic gradient 
as another driver. Topographic control is also 
evident in warmer climates of central Amazonia 
and along the large swath of flat lowlands in South 
America from the Pantanal through the Chaco to 
the Pampas; large inland freshwater wetlands 
characterize the landscape here. 

At more local scales, terrain signals dominate. 
Lateral convergence from high to low grounds 
creates a texture in WTD that overrides climate 
boundaries. Larger examples are arid basins 
where groundwater convergence from surround- 
ing mountains maintains valley ecosystems (oases) 
otherwise absent (figs. S12B, S14B, and S15B). 
Smaller examples are river valleys etched into 
plateaus in semiarid climate or in humid cli- 
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mate with pronounced dry seasons, creating a 
marked gradient in water availability from val- 
leys to ridge tops (fig. S13B). The low recharge 
is concentrated into a small fraction of the land- 
scape by topography, forming discharge zones 
that harbor closed lakes, oases, gallery forests, 
and riparian wetlands, many designated as Ramsar 
sites of international ecological importance (table 
S82 and figs. S12 to $16). It is known that valleys 
are wetter spots and that topography is a power- 
ful predictor of hydrologic states. 

Where solar energy is not limiting, global 
distributions of vegetation are strongly aligned 
with moisture gradients indicated by annual or 
seasonal rainfall (16, 17). However, rainfall alone 
cannot explain desert oases, the latter fed by ground- 
water due to topography-driven lateral flow that 
redistributes the moisture surplus or deficit across 
the landscape (3, /8), giving patterns to WTD 
that defy rainfall (shallow in deserts and wide- 
ranging under same climate). We highlight the 
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Fig. 2. Global distribution of simulated (gray) and observed (bold black) water table depth (obser- 


vations first gridded into 30 arc second cells). 
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utility of WTD as an additional (to rainfall) mois- 
ture regulator and ecological filter with two ex- 
amples, the geographic distribution of wetlands 
at the global scale and species differentiation 
and adaptation at the landscape scale. 

Wetlands are habitats of vegetation adapted 
to water-logged soils. Small seasonal wetlands 
can result from local rainfall, but extensive and 
prolonged water-logging must be caused by 
shallow water tables. This is the reason that the 
water table map resembles the wetland map (3) 
and that the areal extents of shallow water tables 
and wetlands are highly correlated (fig. S17). 
Within a given climate regime and history, spe- 
cies differentiation aligns with local environmen- 
tal gradients (/7). A well-articulated gradient is 
the topography from valley to ridge (/9, 20) span- 
ning decameters to kilometers. Because valleys 
are enduring features of the landscape, and be- 
cause hill-to-valley groundwater convergence is 
slow and steady, the shallow water table in the 
valley offers a stable moisture source from below, 
creating predictable moisture gradients, particu- 
larly in dry regions or seasons. A large body of 
evidence suggests that WTD is a powerful niche 
differentiator that sorts vegetation and microbial 
species into anoxia-tolerant at shallow to drought- 
tolerant at deep water table (5—7, 19-29), and for 
a given species, WTD regulates biomass produc- 
tion and drives physiological adaptation such as 
rooting characteristics (6, 30-34). 

The model gives a first-order estimate of global 
land area likely affected by shallow groundwater 
(14); ~15% is covered by lakes (excluding the 
large lakes in Fig. 3), rivers, and inundated wet- 
lands fed by persistent groundwater discharge 
(water table rising above land surface, WTD < 0), 
~2% by less frequently inundated wetlands 
(0 < WTD < 0.25 m), and 5 to 15% with WTD 
or its capillary fringe within the rooting depth of 
upland plants (/4), adding to 22 to 32% of global 
land area. These results suggest a widespread and 
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Fig. 3. Simulated water table depth (m) at 30 arc-sec grid (~1 km) constrained by observations in Fig. 1. 


22 FEBRUARY 2013 VOL 339 SCIENCE www.sciencemag.org 


structured influence of groundwater on land hy- 
drology and ecosystems and highlight the need 
for larger efforts to improve observing and mod- 
eling large-scale groundwater processes in the 
context of earth system dynamics. 
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Atmospheric nucleation is the dominant source of aerosol particles in the global atmosphere 
and an important player in aerosol climatic effects. The key steps of this process occur in the 
sub—2-nanometer (nm) size range, in which direct size-segregated observations have not been 
possible until very recently. Here, we present detailed observations of atmospheric nanoparticles 
and clusters down to 1-nm mobility diameter. We identified three separate size regimes below 
2-nm diameter that build up a physically, chemically, and dynamically consistent framework 

on atmospheric nucleation—more specifically, aerosol formation via neutral pathways. Our 
findings emphasize the important role of organic compounds in atmospheric aerosol formation, 
subsequent aerosol growth, radiative forcing and associated feedbacks between biogenic 


emissions, clouds, and climate. 


tmospheric aerosol formation [that is, 

the formation of molecular clusters and 

their growth to larger sizes (/, 2)]| has an 
important effect on aerosol particle number con- 
centrations (3, 4) and on climate through indirect 
radiative effects (5, 6). To understand the initial 
steps of atmospheric aerosol formation, one must 
have detailed knowledge of the concentrations of 
neutral and charged clusters, their chemical compo- 
sition, and gaseous compounds participating in 
their formation and growth. However, size-segregated 
measurements of sub—2-nm clusters are extreme- 
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ly rare, and until now, no one has taken com- 
prehensive and simultaneous field measurements 
of charged and neutral clusters and their precur- 
sors (supplementary materials, section 3). 
Recent technical developments make it pos- 
sible to measure the concentrations and size 
distributions of ions, molecular clusters, and 
nanoparticles in the 1- to 2-nm mobility diam- 
eter range and to simultaneously obtain infor- 
mation about the chemical composition of these 
entities and their interactions with trace gases. 
Here, we present a comprehensive analysis of such 


measurements, conducted between 14 March 
and 16 May 2011, at the SMEAR II station (7) 
in Hyytiala, southern Finland. We measured the 
total nanoparticle and ion concentrations, along 
with the concentrations of gaseous compounds, 
including sulfuric acid, volatile organic com- 
pounds, ammonia, amines, ozone, sulfur diox- 
ide, and nitrogen oxides. The instruments we 
used to take our measurements are described in 
greater detail in the supplementary materials 
(sections 1.3.1 to 1.3.7). 

We categorized each day of the measurement 
campaign as a “nucleation event day,” a “non- 
event day,” or an “undefined day” (table S7) (8). 
We determined the concentrations of nanopar- 
ticles and ions separately for six size classes be- 
tween 0.9 and 2.1 nm (supplementary materials, 
section 1.2). For each size class, we calculated the 
concentration of nanoparticles originating from 
neutral formation pathways, N,,, from the relation 
Net = Nions + Nrec + Nn» Where Niot is the total 
measured nanoparticle concentration in that size 
class, Nions is the corresponding ion concentration, 
and N,.. is the estimated concentration of neutral 
particles originating from the recombination of 
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Fig. 1. Diurnal variations of the sulfuric acid concentration (left y axis) and the concentrations of neutral clusters in different size classes (right y axis) 
during median event days (A) and median nonevent days (B). 


oppositely charged ions ending up in that size 
class (supplementary materials, section 1.2). 
Excluding a few intermittent periods during 
the night, NV, exceeded N;,,, and Nec in all of 
the sub—2-nm size classes (fig. $9). The domi- 
nance of neutral nanoparticles over ions was 
particularly clear during the periods of active 
aerosol formation, characterized by the mea- 
surable formation of 3-nm particles and their 
further growth to larger sizes (see fig. S8A). 
Ions showed a clear concentration maximum 
below 1.5 nm and a steep concentration decrease 
above this size under all conditions (fig. S9A). 
Such a maximum corresponds to the size of sta- 
ble ion clusters in the ion-induced nucleation the- 
ory. Overall, our observations indicate that the 
dynamics of sub—2-nm clusters were dominated 
by neutral pathways, with little influence due to 
the presence of ions. This finding is in line with 
the latest analysis of earlier field measurements 
conducted in various continental boundary-layer 
environments (9). Hereafter, we will focus our 
attention on the properties of neutral nanoparticles 
and call them “neutral clusters.” In reality, the 
smallest nanoparticles include both clusters and 
large molecules or molecular complexes. 
Figure | shows the median neutral cluster 
concentrations in different size classes and sul- 
furic acid concentrations during the nucleation 
event days (33 days) and nonevent days (19 days). 
The first thing we observe is the near-constant 
presence of neutral clusters throughout the sub— 
2-nm size range (see also fig. S8). This feature 
indicates continuous formation of neutral clus- 
ters and their subsequent growth up to a mobil- 
ity diameter of at least 2 nm. Concentrations of 
neutral clusters were typically 10 times higher 
than concentrations of aerosol particles in the 
nucleation mode (3- to 12-nm diameter), The 
second important feature, discussed in more 
detail below, is the very different behavior of the 
clusters in three size regimes: (i) <1.2 + 0.1 nm, 
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mobility diameters of a sulfuric acid molecule and a cluster with a mass of 339.06 Th are 0.85 and 1.17 nm, 
respectively. Growth rates (GR) for particles below 5-nm diameter were determined using the plotted data. 
The data with error bars are given in the supplementary materials (section 4 and fig. S15). 


(ii) from 1.2 + 0.1 nm to 1.7 + 0.2 nm, and (iii) 
>1.7 + 0.2 nm. In the first size regime (the size 
classes 0.9 to 1.1 nm and 1.1 to 1.3 nm in Fig. 1), 
cluster concentrations and their diurnal be- 
havior were very similar between the nucleation 
event and nonevent days. In the two other size 
regimes, cluster concentrations showed a clear 
daytime maximum during the nucleation event 
days, which was absent during the nonevent days. 
The cluster maxima peaked somewhat later than 
the sulfuric acid concentration. Cluster concen- 
trations decreased rapidly with the increasing 
cluster size in the first two size regimes. In the 
third size regime, cluster concentration appeared 
to increase with the increasing cluster size around 
noon on nucleation event days (see also fig. S9A). 
The maximum concentrations of 1.9- to 2.1-nm 


neutral clusters were about a factor of 50 higher 
during the nucleation event days compared with 
the nonevent days. 

Several groups have suggested that gaseous 
sulfuric acid is the main driver of daytime atmo- 
spheric aerosol formation (/, /0—/2). During our 
measurement campaign, we observed a clear 
association between the sulfuric acid concentra- 
tion and the formation rate of 1.5-, 2.0-, and 3.0- 
nm clusters and aerosol particles (supplementary 
materials, section 5, and figs. S16 to S18). To 
look closer at this association, we determined 
the average growth rates of neutral sub—3-nm 
clusters during the periods of active aerosol for- 
mation (Fig. 2; see also supplementary mate- 
rials, section 4). These rates were equal to 0.2, 
0.9, and 2 nm h in the mobility diameter ranges 
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Fig. 3. Average diurnal cycle of the formation rates of 1.5-, 2.0-, and 3.0-nm atmospheric aerosol particles (or clusters) and 1.5-nm negative- and positive-ion 
clusters during (A) nucleation event days and (B) nonevent days. The particle-formation rates as a function of sulfuric acid concentration are given in the 
supplementary materials (section 5 and figs. $16 to $18). 


of <1.2, 1.4 to 1.8, and 2 to 3 nm, respectively. An 
increase in cluster growth rates with increasing 
particle size in the sub—3-nm size range has re- 
cently been reported at two other measurement 
sites as well (/3). Next, we calculated the max- 
imum cluster growth rates due to sulfuric acid 
condensation over the same size ranges by allow- 
ing no sulfuric acid evaporation, and we found 
these rates to be 0.3 to 0.4, 0.6 to 0.9, and 0.5 to 
0.6 nm h', on average. Clearly, there was more 
than enough sulfuric acid vapor to explain the 
growth of the smallest clusters. Together with 
the very steep decline of cluster concentrations at 
these sizes, this finding suggests that neutral clus- 
ters in the first size regime (<1.2 + 0.1 nm) both 
take up and evaporate vapor molecules constant- 
ly, the net effect being a slow cluster growth 
during the periods of active aerosol formation. 

In the second size regime (1.2 + 0.1 to 1.7 + 
0.2 nm), the concentration of sulfuric acid was, 
within experimental uncertainties, high enough 
to explain the observed cluster growth rates. On 
the other hand, quantum chemical investigations 
(14-17) predict that clusters containing only sul- 
furic acid (and water) cannot grow; rather, these 
clusters must be stabilized with amines, ammonia, 
or organic vapors (of these, amines are the strongest 
stabilizers) (/6). Our measurements obtained by 
chemical ionization atmospheric pressure inter- 
face time-of-flight (CI-APi-TOF) mass spectrom- 
eter showed abundant presence of amines in the 
gas phase, and our APi-TOF measurements showed 
the existence of sulfuric acid—amine clusters 
(figs. S5 and $21 to $23). Small sulfuric acid— 
amine clusters have been identified in earlier 
laboratory experiments (/8—20) and tentatively 
also in the atmosphere (/8). 

Clusters in the third size regime (>1.7 + 
0.2 nm) grew two to four times faster than what 
can be explained by sulfuric acid condensation. 
Furthermore, the strongest aerosol-formation 
events were characterized by a local minimum 


in the size space within this size regime (Fig. 1A 
and fig. S9A). Such a minimum is in accordance 
with Nano-K6hler theory (2/), which describes 
the activation of neutral clusters by condensable 
vapors in a manner analogous to cloud conden- 
sation nuclei activation by water vapor during 
cloud formation. After activation, nanoparticles 
are expected to grow faster due to a decreasing 
Kelvin effect and, thus, an enhanced conden- 
sation flux. The most likely candidates for the 
additional compounds participating in the growth 
of sub-3-nm clusters and nanoparticles are or- 
ganic vapors (22—24). The cluster activation in the 
size range of 1.5 to 2.0 nm could be caused by 
condensation of low-volatility organic vapors once 
they have overcome the Kelvin barrier (2/7, 25) 
or by heterogeneous reactions between the clus- 
ters and organic vapors (24). 

The CI-APi-TOF instrument detects a wide 
range of molecules and clusters in the 300- to 
700-thomson (Th) range, mainly believed to re- 
sult from highly oxidized organic molecules, 
similar to those recently found in the ambient 
APi-TOF measurements by Ehn et al. (26). The 
temporal behavior of the ions in this size range 
is highly variable, with some ions observed main- 
ly at night and others during the day. During 
periods with high solar radiation, the most abun- 
dant cluster above 300 Th is typically detected 
at 339.06 + 0.02 Th and has tentatively been 
identified as C;gH,sN2O,; , with one or both N 
atoms resulting from clustering with nitrate 
and/or nitric acid inside the CI-APi-TOF in- 
strument. Several other clusters in the 300- to 
700-Th range show similar time behavior, and 
the cluster at 339 Th will be used to represent 
this group. Although the CI-APi-TOF detec- 
tion and quantification of organics still needs 
detailed characterization, our results show that 
the diurnal variation in the signal of the 339-Th 
tracks 1.5- to 2.0-nm cluster concentrations even 
better than sulfuric acid (supplementary materials, 


section 6, and fig. S20). The total estimated 
concentration of highly oxidated organic mole- 
cules in the 300- to 450-Th range correlated pos- 
itively with cluster concentrations in the second 
size regime during active aerosols formation (but 
not at any other time; see supplementary materials, 
table S5), indicating that these organic molecules 
will participate in atmospheric nucleation. 

The net flux of growing clusters past a cer- 
tain size, usually some fixed mobility diameter 
d, is defined as the formation rate Jy (8). Figure 
3 shows the formation rates of ions and neutral 
nanoparticles over the diurnal cycle of an aver- 
age particle-formation (nucleation) event day 
and nonevent day. During the nonevent days, 
the formation rates of 1.5-nm ions averaged to 
~0.01 em? s! and showed little diurnal varia- 
bility. The formation rates of 1.5- and 2.0-nm 
neutral clusters exceeded 0.1 cm? s', whereas 
the formation rates of 3-nm particles were mostly 
too low to be detected. During the days with ac- 
tive aerosol formation, the average formation rates 
of 1.5-nm ions approached 0.08 em? s! around 
noon and late evening/early night. The average 
formation rates of neutral 1.5-nm particles ex- 
ceeded those of 1.5-nm ions by about one order 
of magnitude and by up to a factor of 50 to 100 
during the afternoon. The formation rates of 3-nm 
particles were measurable over the whole diurnal 
cycle of a typical nucleation event day, with val- 
ues of J3 approaching /> during a few hours around 
noon. This observation shows the importance 
of the enhanced growth rate from sub—2-nm size 
to 3 nm. The formation rate of 3-nm particles dur- 
ing event days was 100 to 1000 times higher than 
during nonevent days, with the corresponding dif- 
ference at 1.5 or 2 nm being less than one order 
of magnitude. 

The formation rate of 1.5-nm clusters is often 
called the atmospheric nucleation rate (27). 
However, from a thermodynamic point of view, 
nucleation requires overcoming the free energy 
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Fig. 4. Schematic de- I 
scription of main size 
regimes of atmospheric 
neutral clusters and the 
main processes related to 
those size ranges. In regime 
| (mobility diameter < 1.1 
to 1.3 nm), the net clus- 
ter growth is very small, 
as clusters and molecules 
are continually formed and 
lost as a result of chemical 
reactions, vapor uptake, ‘2s 
and evaporation. This re- ae 
gime has no direct con- = 

nection to atmospheric oe @ @* ao 
nucleation. NPF, new par- @? 
ticle formation. In regime ee 
II (1.1 to 1.3 nm to 1.5 to = 
1.9 nm) clusters grow in 2, @ “A 
size by sulfuric acid con- 
densation and are sim- 
ultaneously being stabilized 
by amines, ammonia, or 
organic vapors. This re- 
gime is critical for the 
clustering process (atmos- 
pheric nucleation) and the 
formation rate of 1.5-nm 
neutral clusters. Addition- 
ally, gas-phase chemical 
reactions are important 
in this size range, and 


molecules 


activation of clusters will begin. In regime III (>1.5 to 1.9 nm), clusters grow 
faster than can be explained by sulfuric acid concentration, especially during the 
periods of active aerosol formation when large numbers of 3-nm aerosol 
particles are being formed. This fast rate of growth is due to enhanced vapor 


barrier. The relatively high evaporation flux in 
the first size regime indicates the existence of a 
nucleation barrier and that the critical cluster in 
the atmospheric nucleation point of view is in 
the second size regime at 1.5 + 0.3 nm. In any 
case, we observe a starting point of a phase tran- 
sition, which includes chemical reactions to form 
condensable vapors, heteromolecular clustering 
of vapor molecules, and the subsequent growth 
of clusters to 2 and 3 nm. 

In summary, we can identify three separate 
size regimes characterized by different mo- 
bility diameter ranges for neutral clusters (Fig. 
4). Our findings demonstrate an observational- 
based framework on atmospheric aerosol for- 
mation that, in a consistent way, combines (i) 
molecules, small atmospheric clusters, and grow- 
ing nanoparticles; (ii) sulfuric acid, strong bases, 
and organic vapors; and (iii) various dynam- 
ical processes. This framework confirms that 
atmospheric aerosol formation is essentially a two- 
step process, as suggested based on theoretical 
arguments (2/7, 28) and some laboratory ex- 
periments (29). In the first step—in the second 
size regime—atmospheric nucleation or the for- 
mation of stabilized clusters will occur. The sec- 
ond step, characterized by enhanced cluster growth 
rates due to the activation of the growing clus- 
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¢ Very slow growth 
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ters by organic vapors, is initiated in the third size 
regime just below 2 nm. This second step deter- 
mines the formation rate of 3-nm particles and is 
efficient only during periods of active aerosol 
formation. Our findings emphasize the important 
role of organic compounds in atmospheric aero- 
sol formation; in the radiative forcing that results 
when these particles grow to larger sizes; and in 
the associated feedbacks involving the biosphere, 
clouds, and climate (30, 3/). 
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Fruit Flies Medicate Offspring After 


Seeing Parasites 


Balint Z. Kacsoh, Zachary R. Lynch, Nathan T. Mortimer, Todd A. Schlenke* 


Hosts have numerous defenses against parasites, of which behavioral immune responses are 

an important but underappreciated component. Here we describe a behavioral immune response 
that Drosophila melanogaster uses against endoparasitoid wasps. We found that when flies see 
wasps, they switch to laying eggs in alcohol-laden food sources that protect hatched larvae 
from infection. This change in oviposition behavior, mediated by neuropeptide F, is retained 
long after wasps are removed. Flies respond to diverse female larval endoparasitoids but not 

to males or pupal endoparasitoids, showing that they maintain specific wasp search images. 
Furthermore, the response evolved multiple times across the genus Drosophila. Our data reveal 
a behavioral immune response based on anticipatory medication of offspring and outline a 
nonassociative memory paradigm based on innate parasite recognition by the host. 


Ithough immune systems are often thought 
Ac as a set of infection-responsive mol- 

ecules and cells within a host, they com- 
prise a much more diverse array of biological 
structures and processes that collectively protect 
an organism from infection. Medication, the 
prophylactic (pre-infection) or therapeutic (post- 
infection) use of substances found in the envi- 
ronment to combat infection, is a type of behavioral 
immune mechanism (/). Medication requires the 
recognition of infection, or infection risk, by the 
host, leading to the use of a substance directed 
against the identified parasite (2, 3). Endoparasi- 
toid wasps are a serious threat to flies in nature 
(4), and we recently showed that infected Dro- 
sophila melanogaster larvae preferentially con- 
sume toxic levels of alcohol because the benefit 
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of alcohol-mediated wasp death outweighs the 
cost to flies of alcohol consumption, an example 
of therapeutic self-medication (5). In the present 
study, we tested whether adult fruit flies choose 
to lay their eggs in food containing toxic levels of 
alcohol when wasps are present in the environ- 
ment as a means of prophylactically medicating 
their offspring against infection. 

We tested the oviposition preferences of adult 
female D. melanogaster by placing 300 flies in 
population cages containing two food dishes, one 
of which contained 6% ethanol by volume (Fig. 1A). 
Flies were housed with or without 50 female wasps, 
and fly eggs were counted from separate sets of 
dishes 24 and 48 hours later. Control flies preferred 
to oviposit on dishes containing no ethanol; but 
in the presence of female Leptopilina heterotoma, 
a common wasp parasite of D. melanogaster 
larvae in nature (6), flies laid a significantly greater 
proportion of eggs on ethanol dishes at both time 
points (Fig. 1B and table $1). The flies displayed no 
such alcohol preference in the presence of male 


3% 6% 9% 12% 15% 


24-48 hrs 
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wasps. To determine the extent of fly preference 
for alcohol-laden oviposition sites in the pres- 
ence of female wasps, flies were given a choice 
of various concentrations of ethanol. Control flies 
preferred to oviposit on dishes containing 3% 
ethanol (Fig. 1C and table S2), which is con- 
sistent with the known benefits to fly larvae of 
low-level alcohol consumption and the costs of 
higher-level consumption (5, 7-9). In the pres- 
ence of wasps, however, flies overwhelmingly 
preferred to oviposit on dishes containing ethanol 
concentrations corresponding to the highest lev- 
els found in nature (12 and 15%) (Fig. 1C and 
table S2) (/0). 

To determine whether the fly oviposition 
switch is adaptive, we measured offspring eclo- 
sion success in various oviposition setups. In the 
absence of wasps, the offspring of flies in cages 
with only 0% ethanol dishes had significantly 
higher eclosion success than offspring from flies 
given 6% alcohol food, demonstrating that there 
is normally a fitness detriment to ovipositing in 
food with such high alcohol levels (Fig. 1D). 
When female wasps were present, however, the 
offspring of flies given an opportunity to oviposit 
on alcohol-laden food had significantly higher eclo- 
sion success than offspring of flies given no such 
opportunity (Fig. 1E). This prophylaxis probably 
arises from both decreased offspring infection and 
increased offspring success at curing infections 
(5). Such an induced fly behavioral immune re- 
sponse may serve as an alternative to the ener- 
getically costly cellular encapsulation response 
that flies mount against wasp eggs. 

Mutant strains were used to determine wheth- 
er flies require olfactory or visual cues to sense 
wasps. Or83b mutants fail to respond to most 
olfactory stimuli (//) but retained an oviposition 
preference for ethanol food in the presence of 
wasps (Fig. 2A, fig. SIA, and table S3), sug- 
gesting that this general olfactory receptor is not 
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Fig. 1. D. melanogaster medicates offspring with alcohol after exposure to 
wasps. (A) Standard oviposition preference setup. (B) Proportion of eggs laid on 
6% ethanol dishes for three wasp treatments, at two time points. ***P < 0.001. 
(C) Proportion of eggs laid on dishes with increasing ethanol (EtOH) con- 
centrations, depending on wasp presence. P < 0.001 for distribution com- 
parisons at both time points. (D) Proportion of offspring of unexposed fly 
parents that eclose when laid in cages with different combinations of oviposition 
dishes. (E) Proportion of offspring of wasp-exposed parents that eclose. For (D) 
to (E), letters indicate significance groups at P < 0.01. For (B) to (E), error bars 
represent 95% confidence intervals (n = 4 experimental replicates). 
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Fig. 2. Sight and NPF signaling control fly ability to sense and respond to 
wasps. (A to C) Proportion of eggs laid on ethanol dishes by (A) smell and sight 
mutants, (B) WPF and NPFR1 overexpression mutants, and (C) WPF and NPFR1 
knockdown mutants in the presence and absence of wasps. For (A) to (C), the y 
axis is the same; error bars represent 95% confidence intervals (*P < 0.05, ***P < 
0.001, n = 4). (D) NPF immunostain of an unexposed fly brain. *, NPF-expressing 
neurons; FSB, fan-shaped body; Lat, lateral regions; SEG, subesophageal ganglion; 
OL, optic lobes. (E to H) NPF-immunostained fan-shaped bodies from control 
and sight mutant flies unexposed or exposed to wasps. 
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required for wasp detection or alcohol sensing 
(12). GMR-Hid flies express an apoptotic activa- 
tor in the developing retina leading to dramati- 
cally reduced eyes (/3), and ninaB’’* mutants 
fail to synthesize rhodopsin, eliminating vision 
while leaving the basic morphology of the eye 
intact (/4). Neither vision mutant showed an ovi- 
position preference for ethanol food in the pres- 
ence of wasps (Fig. 2A, fig. S1A, and table S3), 
indicating that flies rely on sight to sense wasps 
in their environment and initiate the oviposition 
preference switch. 

Reduced expression of neuropeptide F (NPF) 
and its receptor (NPFR1) in fly brains increases 
ethanol tolerance and preference, similarly to re- 
ducing NPY in mammals (/5, /6). Using the yeast 


eggs laid on ethanol dishes (A) after wasp pre-exposure on different food types, 
(B) in the presence of wasps by the long-term memory mutant Adf1”, and (C) after wasp pre- 
exposure (on molasses food) in Adf2"™ mutants. For (A) to (C), all y axes are the same; error bars 
represent 95% confidence intervals (*P < 0.05, ***P < 0.001, n = 4). 


Gal4-UAS transcription factor-promoter system, 
we found that NPF-Gal4—driven ectopic expres- 
sion of NPF eliminated the wasp-induced ethanol 
oviposition preference (Fig. 2B; fig. S1, B, and D 
to G; and table $3). Flies with elav-Gal4—driven 
pan-neuronal ectopic expression of NPFR/ showed 
a weak but significant increase in alcohol pref- 
erence in the presence of wasps, but there was a 
dramatic reduction in oviposition preference for 
alcohol food as compared to wild-type flies (Fig. 
1B). RNA interference—-mediated knockdown of 
NPF and NPFR1 levels in the brain, using NPF- 
Gal4 and elav-Gal4 drivers, respectively, led to 
increased ethanol oviposition preference regard- 
less of wasp presence (Fig. 2C; fig. S1, C to E 
and H to I; and table S83). 


These results suggest that the visual percep- 
tion of wasps by flies might cause decreased NPF 
levels in fly brains. We immunostained fly brains 
with NPF antiserum after exposure to wasps (Fig. 2, 
D to H) and found a marginally significant de- 
crease in whole-brain fluorescence levels in wild- 
type flies exposed to wasps for 24 hours but no 
such change in sight-impaired ninaB’>”” flies (fig. 
S1J). NPF-expressing neurons send projections to 
the fan-shaped body, subesophageal ganglion, and 
lateral regions of the lower central brain (Fig. 2D) 
(16, 17). There was a significant loss of NPF im- 
munofluorescence in the fan-shaped body of wild- 
type flies exposed to wasps, whereas the other 
NPF-positive regions remained unchanged (Fig. 2, 
E to F, and fig. SI, K to O). Despite constitutive 
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Fig. 4. Breadth of fly search images and the evolution of medication be- 
havior. (A) Proportion of eggs laid on ethanol dishes in response to different 
wasp species. Error bars represent 95% confidence intervals (*P < 0.05, ***P< 


differences between wild-type and ninaB’?"” flies, 
there was no difference in the staining of the fan- 
shaped body or other brain regions between un- 
exposed and wasp-exposed ninaB’3’? flies (Fig. 
2, G to H, and fig. S1, K to O). The fan-shaped 
body is part of the central complex of the fly 
brain that regulates both visual pattern recogni- 
tion and ethanol-stimulated locomotion (/8, 79). 

To determine how long fly oviposition pref- 
erences are altered after sensing wasps (20), we 
“pre-exposed” flies to wasps before assaying ovi- 
position preferences in cages devoid of wasps. 
Flies pre-exposed to wasps showed a strong pref- 
erence for the ethanol oviposition dishes across a 
4-day choice assay (Fig. 3A and table $4). The 
oviposition switch occurred even when flies were 
pre-exposed to wasps in food bottles containing 
alcohol or completely different media, demon- 
strating that flies do not learn to associate wasp 
presence with food type (Fig. 3A: P > 0.120 for 
preference comparisons between pre-exposure food 
types at each time point, table $4). Thus, the ovi- 
position preference switch that flies maintain after 
seeing wasps is a natural example of nonasso- 
ciative memory (2/). 

The D. melanogaster transcription factor Adf1 
is required for long-term memory formation and 
for regulating Alcohol dehydrogenase expression 
(21, 22). Adf1""', a mutant that has normal early 
memory but lacks long-term memory, switched 
its oviposition preference to alcohol food in the 
presence of wasps like wild-type flies (Fig. 3B 
and table $4). When Adfi"” mutants were pre- 
exposed to wasps and then put into cages without 
wasps, however, the flies failed to retain the wasp 
exposure memory, showing no oviposition pref- 
erence for alcohol food (Fig. 3C and table S4). 
This result is not explained by any reduced eth- 
anol tolerance of Ad!” flies (fig. S2, A and B). 
Furthermore, both vision and NPF signaling were 
required for initiating memory formation (fig. $2, 
C to F, and table $4). These data suggest that a 
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single protein (Adfl) may simultaneously be re- 
sponsible for memory of wasp presence and reg- 
ulation of a gene that controls tolerance to the 
alcohol-laden food flies become permanently at- 
tracted to, and they also outline a simple model of 
wasp-mediated alcohol seeking in flies (fig. S3). 

Innate and learned search images are impor- 
tant for numerous organismal interactions (23, 24). 
To further delimit the innate wasp search images 
D. melanogaster maintains, we assayed fly ovi- 
position behavior during exposure to two more 
Figitid wasps, L. boulardi and L. clavipes; two 
Braconids, Aphaereta sp. and Asobara tabida; 
and a Diapriid pupal endoparasitoid, Trichopria 
sp. (25). Flies preferred ethanol-laden oviposition 
dishes in the presence of females of each endo- 
parasitoid species that infects fly larvae, but the 
preference was weaker upon exposure to the wasp 
that infects fly pupae, reaching only marginal 
significance at 0 to 24 hours (Fig. 4A and table 
S1). This might make adaptive sense given that 
Drosophila larvae often move off their food source 
before pupating. Thus, D. melanogaster has evolved 
search images specific enough to distinguish fe- 
male from male L. heterotoma and a pupal endo- 
parasitoid from larval endoparasitoids, but broad 
enough to recognize two families of larval endo- 
parasitoids (see fig. S4 for wasp images). 

To understand the evolution of this behavioral 
immune mechanism, we tested oviposition pref- 
erences in six more Drosophila species and found 
that three species (D. simulans, D. hydei, and 
D. virilis) showed a significant increase in ovi- 
position preference for alcohol dishes in the pres- 
ence of female L. heterotoma wasps, whereas the 
other species actively avoided ethanol dishes re- 
gardless of wasp presence (fig. SS, A to F, and 
table S5). Ethanol tolerance median lethal dose 
(LDs50) values for each fly species (fig. S5, G to 
L) were positively correlated with the ethanol 
oviposition preference index, a measure of how 
strongly the preference for ovipositing in ethanol 
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r= 0.936 
F,4= 74.15 
P<0.001 
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0.001, n = 4). (B) Correlation between phylogenetically independent contrasts 


for ethanol tolerance (LD<9) and ethanol oviposition preference index (EOPI) 
across seven Drosophila species. 


food increases in response to wasp exposure (fig. 
S5M). This relation was even stronger when the 
phylogenetic relationships between the Drosophila 
species were taken into account, using phyloge- 
netically independent contrasts (26) (Fig. 4B). Thus, 
alcohol tolerance and the alcohol oviposition pref- 
erence switch have coevolved across the genus 
Drosophila. 
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Precise Maps of RNA Polymerase 
Reveal How Promoters Direct 
Initiation and Pausing 


Hojoong Kwak, Nicholas J. Fuda, Leighton J. Core,* John T. Lis* 


Transcription regulation occurs frequently through promoter-associated pausing of RNA polymerase 

II (Pol II). We developed a precision nuclear run-on and sequencing (PRO-seq) assay to map the 
genome-wide distribution of transcriptionally engaged Pol II at base pair resolution. Pol Il accumulates 
immediately downstream of promoters, at intron-exon junctions that are efficiently used for splicing, 
and over 3’ polyadenylation sites. Focused analyses of promoters reveal that pausing is not fixed 
relative to initiation sites, nor is it specified directly by the position of a particular core promoter element 
or the first nucleosome. Core promoter elements function beyond initiation, and when optimally 
positioned they act collectively to dictate the position and strength of pausing. This “complex interaction” 
model was tested with insertional mutagenesis of the Drosophila Hsp70 core promoter. 


Also, less extensive but substantial accumulation 
of Pol II over the 3’ cleavage/polyadenylation re- 
gion of genes is proposed to facilitate 3’ processing 
and transcription termination (9, 70). Finally, the 
interplay of transcription rate and splicing effi- 
ciency (//) might be reflected in the selective 
accumulation of Pol II at splice junctions. 


merase II (Pol II) along genes reveals 
potential points of regulation (/). For exam- 
ple, a rate-limiting step in early elongation, known 
as promoter-proximal pausing, has revealed a ma- 
jor regulatory block in the transition to productive 
elongation in Drosophila and mammals (2-8). 


Toe the accumulation of RNA poly- 


Fig. 1. Accumulation of Pol Il at promoters, 3’ ends, 3’ 


Promoter-associated Pol II pausing is a cul- 
mination of intrinsic interactions between Pol II 
and the underlying DNA, as well as extrinsic sta- 
bilization by protein complexes (/2). Protein factors 
such as NELF (negative elongation factor) and DSIF 
[5,6-dichloro-1-f-b-ribofuranosylbenzimidazole 
(DRB) sensitivity-inducing factor] (3, 13), DNA 
elements (/4, 75), DNA sequence composition 
(/6), nascent RNA processing (/6), and nucleo- 
somes (/7) can influence pausing. Understand- 
ing how these elements and factors function 
mechanistically requires a high-resolution view 
of their spatial relationship. Current tools for pre- 
cise tracking of the location and status of Pol IT 
in vivo have distinct limitations (/8). Chroma- 
tin immunoprecipitation—based methods that 
collect Pol II or associated RNAs do not distin- 
guish paused Pol II from other Pol II-RNA com- 
plexes (/6, 18, 19). The genome-wide nuclear 
run-on (GRO-seq) approach (6-8) circumvents 
these issues by high specific enrichment of nas- 
cent transcripts associated with actively engaged 
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polymerase, but it has a resolution of only 30 to 
50 bases (/8). 

We developed a genome-wide, nuclear run- 
on assay called PRO-seq that has the sensitivity 
of GRO-seq but maps Pol II with base pair res- 
olution. PRO-seq uses biotin-labeled ribonucleo- 
tide triphosphate analogs (biotin-NTP) for nuclear 
run-on reactions, allowing the efficient affinity 
purification of nascent RNAs for high-throughput 
sequencing from their 3’ ends (Fig. 1A and fig. 
S1A). Supplying only one of the four biotin-NTPs 
(adenosine, cytidine, guanosine, or uridine tri- 
phosphate) restricts Pol II to incorporate a single 
or at most a few identical bases, resulting in se- 
quence reads that have the same 3’ end base 
within each library (table S1). Moreover, the in- 
corporation of the first biotin base inhibits further 
transcript elongation, ensuring base pair resolu- 
tion (fig. $2). 

The average profile of PRO-seq density (Fig. 
1B) revealed pausing of Pol II immediately 
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downstream of the transcription start site (TSS) 
(Fig. 1, C and D) and accumulation of Pol II at 3’ 
cleavage/polyadenylation sites, consistent with 
previous GRO-seq studies (fig. S3) (20, 2/). 
Interestingly, Pol II also accumulated near 3’ 
splicing sites at spliced exons, but less often at 
skipped exons (Fig. 1E and fig. 4), which suggests 
that splicing decisions are connected to differen- 
tial rates of Pol II elongation through splice 
junctions (//). Although we have insufficient 
sequencing coverage to quantify Pol II accumu- 
lation at particular 3’ splice sites, our composite 
analyses support a functional coupling between 
elongation and splicing. 

The highest density of PRO-seq reads mapped 
within positions +30 to +60 from the TSS (Fig. 1, 
C and D), providing a higher-resolution view of 
paused Pol II as mapped by GRO-seq (2/). More- 
over, the pattem of pausing by PRO-seq is consistent 
with the positions and levels of short nuclear-capped 
RNAs (scRNAs; fig. S3) (76). Additionally, we 
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Fig. 2. Variations of the pause sites and TSSs. (A) Examples of highly paused genes with different pausing 
patterns. Initiation sites from PRO-cap mapping are shown in gray. (B) Distribution of paused genes (n = 
3225) by pausing position and dispersion percentiles. Focused proximal (Prox, n = 848) and dispersed 
distal (Dist, n = 846) groups are indicated; axis units in base pairs are also shown. (C) Heat map of 
initiation (PRO-cap) and pausing (PRO-seq) for Prox and Dist genes. (D) Association between initiation and 
pausing patterns: TSS focusing in Prox versus Dist genes (left) and pausing proximity in focused versus 
dispersed initiation genes (right). TSS focusing is measured as the fraction of PRO-cap reads at the 
TSS (+1 bp) relative to the sum of reads around the TSS (+50 bp) (22). Focused and dispersed initiation 
genes are the quartiles of the paused genes with the highest and the lowest TSS focusing, respectively. 
The pausing proximity index is defined by the average of pausing position and dispersion percentiles 
(fig. S6A). Boxes represent 25th, 50th (median), and 75th percentiles; whiskers are 5th and 95th 
percentiles. *P < 0.001 [Kolmogorov-Smirnov (KS) test]. 
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found that PRO-seq maps correspond precisely to 
positions of engaged Pol II observed in intact cells 
seen by previous permanganate footprints of 
transcription bubbles (fig. S2G). 

Nucleosomes are known to act as barriers to 
Pol II (/2). In the bodies of genes, the average 
PRO-seq density showed a relative increase 
around position —40 from the previously mapped 
(22) nucleosome centers (Fig. 1F and fig. SSA). 
This is consistent with measurements of strong 
DNA-nucleosome interactions (23) and mea- 
sured impediments to Pol II transcription through 
nucleosomes measured in vitro and in yeast 
(20, 24). However, the PRO-seq density relative 
to the first (+1) nucleosome was different (Fig. 1F), 
with the average PRO-seq density at a maximum 
around position —80 from the nucleosome cen- 
ters. Thus, the bulk of promoter-proximal pausing 
is inconsistent with a standard nucleosome bar- 
rier model, at least for Drosophila, and is more 
consistent with tethering of polymerases near the 
promoter (2/). 

Although the average promoter-associated 
pause location is around position +40 from the 
TSS, pausing is far from uniform. Some genes 
have more proximal and focused pausing, whereas 
others have distal and dispersed pausing (Fig. 2A). 
We systematically assessed genome-wide pausing 
positions relative to the TSS and their dispersion 
to identify two characteristic groups of promoters: 
focused proximal (Prox) and dispersed distal 
(Dist) promoters (Fig. 2B and fig. S6). The Prox 
and Dist pausing patterns could arise from a fixed 
length of elongation from initiation sites that have 
the same dispersion or from variable lengths of 
elongation from more focused initiation sites. 
Distinguishing between these possibilities requires 
precise mapping of the initiation sites, using the 
same pool of Pol Il-engaged nascent RNAs. 
Therefore, we modified the PRO-seq method to 
detect initiation sites (PRO-cap; fig. S1B) and 
compared the degree of variation in the initiation 
and pause sites. We observed that both Prox and 
Dist genes have relatively focused initiation in 
general (Fig. 2, A and D, and fig. S2G) and that 
pausing is overall more dispersed than initiation 
(fig. S7C). Nonetheless, the degree of focused 
initiation—the fraction of initiation arising at a 
single TSS—is higher for Prox genes, and genes 
with more focused initiation also have more prox- 
imal pausing (Fig. 2D). These findings indicate 
that although pausing is not fixed to initiation, the 
mechanisms that produce focused initiation affect 
the resulting pattern of pausing. 

In an effort to otherwise explain the differen- 
tial patterns of pausing, we first compared the 
nucleosome occupancy around Prox and Dist 
promoters. Prox promoters have less nucleosome 
occupancy than Dist promoters (fig. SSB), and 
some of the Pol II at Dist promoters appears to 
have more intimate contact with the first nucleo- 
some (fig. SSC). These results (and Fig. 1F) sup- 
port a nucleosome-independent mechanism of 
pausing for Prox promoters, whereas a subset of 
Dist promoters could have a component of pausing 
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that is established by direct nucleosome barriers. 
Because nucleosome position and occupancy do 
not explain the bulk of Pol II pausing, we in- 
vestigated the underlying DNA elements around 
promoters. 


Critical DNA sequence elements within the 
core promoter direct the position, direction, and 
efficiency of transcription initiation (25). These 
include the TATA box, initiator (Inr), motif 10 
element (MTE), downstream promoter element 


(25), and a recently discovered element impli- 
cated in pausing, the pause button (PB) (/5) (fig. 
S8A). Core promoter elements were more en- 
riched on Prox promoters than on Dist promoters 
(Fig. 3A and fig. S8, B to D). Additionally, when 
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Fig. 3. Relationship between promoter DNA elements and Pol II pausing. 
(A) Frequency of TATA box and PB in Prox and Dist subsets. The average 
frequency per gene is shown. (B) Frequency of GAGA element (lines) and 
GAGA-factor binding (shaded areas) (27) in Prox and Dist subsets. (C) The 
complex interaction model of relationship between DNA elements and 
paused Pol Il. The DNA elements (blue) are at their consensus (strong) or 
slightly upstream (weak) positions; the expected changes of the pausing 
positions are plotted. (D) Pattern of the positional association between 
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DNA elements and pausing positions. Pausing position percentiles are shown 
for gene subsets according to element position (Up, upstream; Cs, optimal 
consensus position; Dn, downstream; subset information in table $2). *P < 
0.14, **P < 0.06, ***P < 0.002 (KS test). (E) Association of promoter DNA 
element strength at consensus positions with pausing index (6). Active 
genes (n = 5471) are divided into three subsets according to the distance- 
weighted P values of the DNA elements to the consensus positions (table 
53). *P < 0.01, **P < 0.001 (KS test). 
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we searched within the extended promoter re- 
gions of Prox and Dist groups for the presence 
of 232 additional functional DNA elements (26) 
(fig. S8E), only the GAGA element, residing ~80 
base pairs (bp) upstream of the TSS (3, /5), showed 
strong associations with Prox genes (Fig. 3B), 
as did the level of GAGA-factor binding (27). 
Thus, core promoter elements and GAGA factor 
appear to play an important role in the mecha- 
nism of pausing. 

Pausing positions could be determined through 
direct tethering of elongating Pol II to promoter 
elements. Alternatively, in a “complex interaction” 
model, pausing could be mediated through pro- 
tein complexes that function best when cognate 
elements are located at specific positions in the 
core promoter. Thus, if we examine the asso- 
ciation of the positions of the DNA elements 
and the pausing sites in this model, we expect a 
V-shaped plot of association rather than a simple 
linear correlation. Displacement of the element 
from the optimal position will weaken the in- 
teractions within the core complex, resulting in 
downstream scattering and a reduced level of 
pausing (Fig. 3C). To test this, we examined 
genes in which a particular promoter DNA ele- 
ment occurs only once, and divided genes into 
three subsets: the optimal consensus position, 
upstream, and downstream. Genes with the DNA 
elements nearest to the consensus positions showed 
more proximal pausing. Genes with TATA near 
—30 had more proximal pausing than genes with 
TATA at positions of —40 or more, showing a 
V-shaped association (Fig. 3D). This V pattern was 
observed in both the upstream elements TATA 
and Inr (fig. S9A) and the downstream elements 
PB (Fig. 3D) and MTE (fig. S9B). Also, pausing 
tended to be stronger in genes with the elements 
at the optimal positions (fig. S9D). Furthermore, 
the extent of pausing showed strong dependency 
on the match of the DNA elements to their con- 
sensus sequence and consensus positions (Fig. 3E). 
Together, these patterns of association between 
core promoter elements and pausing support the 
complex interaction model and explain the strong 
and focused pausing on Prox promoters. 

The complex interaction model depends on 
both the presence and the correct positioning of 
core promoter elements. We disrupted the posi- 
tional relationship of core elements in the well- 
studied Drosophila gene Hsp70 (1). Transgenic 
fly lines were generated that carry mutant Hsp70 
promoters with spacers inserted at the +15 posi- 
tion between the upstream and downstream pro- 
moter elements (Fig. 4A) and were analyzed by 
PRO-seq (fig. S10). The initiation sites remained 
constant in these mutant promoters, as indicated 
by the 5’ ends of the PRO-seq reads (Fig. 4B). 
The transgenic Hsp70 without spacers showed a 
strong pause peak mainly at position +31 (Fig. 
4D). When a 5-bp spacer was inserted, the pause 
peak was shifted 5 to 7 bp downstream from the 
original site. Because additional bases were tran- 
scribed before pausing, the position of pausing is 
not predetermined by elongation distance. When 


a 10-bp spacer was inserted, pausing sites be- 
came scattered between positions +20 and +60 
(Fig. 4D) and had fewer reads (Fig. 4C). Collec- 
tively, these results support the core interaction 
model and suggest that the interaction complex 
can accommodate a small change (5 bp) in the po- 
sitional context of the DNA sequences, whereas a 
larger change (10 bp) results in reduced and dis- 
persed pausing. 

The advances in resolution provided by PRO- 
seq enable the precise and genome-wide assessment 
of the relationship between promoter-proximal 
pausing and the core promoter structure. For the 
strong and tightly clustered pausing of the Prox 
genes, our results provide support for a complex 
interaction model involving the promoter initia- 
tion complex, which can extend up to 30 bp from 
the TSS (28), physically contacting and tethering 
the pausing complexes. This may share a kinship 
with bacterial initiation factor o, which is retained 
within the early elongation complex and inter- 
acts with promoter proximal DNA during tran- 
scription pausing in Escherichia coli (29). It is 
noteworthy that the Prox genes are expressed 
on average at a lower level but show a broader 
range of expression (fig. S6D), and that the Dist 
genes are enriched in constitutively active genes 
(table S5). These results suggest that the mech- 
anistic distinctions have regulatory consequences. 
A well-structured core promoter may strongly re- 
cruit Pol Il; however, it can also effectively retain 
Pol II in a paused configuration close to the TSS, 
until activation signals allow its escape into pro- 
ductive elongation. 
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Little Emperors: Behavioral Impacts of 
China’s One-Child Policy 


L. Cameron,”* N. Erkal,? L. Gangadharan,? X. Meng’ 


We document that China's One-Child Policy (OCP), one of the most radical approaches to limiting 
population growth, has produced significantly less trusting, less trustworthy, more risk-averse, less 
competitive, more pessimistic, and less conscientious individuals. Our data were collected from 
economics experiments conducted with 421 individuals born just before and just after the OCP’s 
introduction in 1979. Surveys to elicit personality traits were also used. We used the exogenous 
imposition of the OCP to identify the causal impact of being an only child, net of family background 
effects. The OCP thus has significant ramifications for Chinese society. 


hina’s One-Child Policy (OCP) restricts 
( the number of children that urban couples 
can have to one, with exceptions for those 
from ethnic minorities or with a severely disabled 


child. The policy has given rise to a land of “little 
emperors,” whose parents dote on them exclu- 


sively. This has led to widespread concern within 
China about the social skills of this generation 
and the observation that these children tend to 
be more self-centered and less cooperative (/—3). 
This can be seen in developments such as em- 
ployers including phrases like “no single children” 
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in job advertisements (4). In March 2007, 30 
delegates at the Chinese People’s Political Con- 
sultative Conference called on the government to 
abolish the policy (5). Their concerns centered 
on “social problems and personality disorders in 
young people.” 

The question about the behavioral consequences 
of not having siblings has been of interest in de- 
velopmental psychology for many decades. China’s 
OCP provides us with a natural experiment that 
allows us to identify the causal impact of being a 
single child. Prosocial development is believed to 
be shaped by parents as well as by social inter- 
actions with peers, including siblings (6). Different 
relationships with parents and lack of interaction 
with siblings have thus been identified in the 
psychology literature as two reasons why only 
children may develop differently from their counter- 
parts with siblings (7). For example, parents of 
only children may be more responsive to their 
needs, which may produce a greater sense of se- 
curity, confidence, and intellectual competence 
(8, 9). Parents of only children may also be more 
able to interact with their children in ways that 
promote desirable development (/0). More atten- 
tion from parents can, however, come with down- 
sides in terms of higher expectations and pressure 
to succeed in life (//). Only children are often 
viewed as disadvantaged as a result of “sibling 
deprivation,” which may lead to their being self- 
centered, less cooperative, and less likely to get 
along with peers (/2). 

In this paper, we describe how we used tech- 
niques from experimental economics to measure 
behavioral differences between the pre- and post- 
OCP generations. Behavior in economic games 
has been widely shown to be correlated with ac- 
tions outside the experimental setting (/3—/8). 
We investigated the impact of the OCP on al- 
truism, trust, trustworthiness, attitudes toward risk, 
and competitiveness. The OCP can be thought of 
as a natural experiment that enables us to separate 
out the effect of being an only child from the 
effects of family background. In addition to our 
experimental results, personality survey questions 
revealed that the OCP cohorts are also substan- 
tially more pessimistic, less conscientious, and 
possibly more neurotic. 

We conducted experiments with participants 
recruited from the general population of Beijing, 
where the policy is strictly enforced (/9). The 
OCP was introduced in 1979. We required par- 
ticipants to be born in either 1975 or 1978 (our 
pre-OCP cohorts) or in 1980 or 1983 (our post- 
OCP cohorts). Participants were also required to 
have both parents with urban residency status 
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(hukou) at the time of the participant’s birth. 
This sampling ensured that those in the post-OCP 
cohorts were subject to the strictly enforced policy 
and that all the cohorts were similar with respect 
to their parental hukou status. The final sample 
consisted of 421 participants spread evenly across 
the birth cohorts 1975, 1978, 1980, and 1983, with 
gender balance within these cohorts. 

A postexperiment participant survey collected 
demographic and socioeconomic information. We 
tested the representativeness of our sample by 
comparing it with the Beijing subsample of the 
National Bureau of Statistics 2009 Urban House- 
hold Survey data. Our sample was better educated 
than the general population but otherwise similar 
(table S1). We carefully controlled for education 
in the empirical specifications below. 

Table | shows the proportion of only children 
in each birth cohort. This increased from 27% in 
the 1975 cohort to 91% for the cohort born in 
1983. The average number of siblings decreased 
from 0.97 to 0.12 over the same period (20). The 
proportion of single children had increased be- 
fore the 1979 introduction of the policy as a result 
of other noncompulsory population growth pol- 
icies that were precursors to the OCP (fig. $1) 
(21). In this paper, we thus identify the behavioral 
impact of the OCP relative to the noncompulsory 
fertility policies implemented before the OCP. 

Although in later years the policy undoubt- 
edly reduced the size of extended families, ex- 
tended family size differed only slightly between 
the pre- and post-OCP cohorts we studied. The 
number of cousins declined slightly from an av- 
erage of 7.4 to 7.0 cousins (Table 1). We are thus 
identifying the impact of growing up as an only 
child, not the impact of having a smaller extended 
family. 

The experiments we conducted are standard 
games from the economics literature. The dictator 
game (22) is designed to elicit the extent of al- 
truism among participants. The trust game elicits 
the extent to which participants are able to trust 
one another and the extent of their trustworthi- 
ness (23). These games are explained in the sup- 
plementary materials. 


In the risk game (24), each participant is giv- 
en 100 yuan (which is approximately U.S. $15) 
and the choice to put any amount between 0 and 
100 yuan into an “investment,” which yields tri- 
ple the amount invested with 50% probability 
and 0 with 50% probability. More risk-averse 
participants will invest less in the risky option. 
The outcome of the investment is decided by the 
flip of a coin at the completion of the session. 

In the competition game, participants are asked 
to add up as many sets of five two-digit numbers 
as possible in 5 min (25). The numbers are randomly 
generated and presented in rows. Participants write 
the total in a blank box provided at the end of 
the row. Calculators cannot be used, but scrap 
paper is provided for handwritten calculations. 

Participants are asked to choose between two 
different payment schemes. Option | is a piece 
rate which pays 5 yuan for every sum correctly 
completed. In option 2, payments are determined 
in a competitive way. Each participant is ran- 
domly and anonymously paired with someone 
else in the room. S/he is paid 10 yuan for every 
sum correctly completed if s/he completes more 
sums correctly than the person with whom s/he is 
paired, 5 yuan if both participants complete the 
same amount of correct sums, and 0 yuan if s/he 
loses the competition. 

Figure | presents the unconditional differences 
in behavior between participants born before and 
after the OCP, for each of the games. The under- 
lying data are presented in table S2 in the sup- 
plementary materials. Those born under the OCP 
shared slightly less of the endowment in the dictator 
game with the other player (40.1% of the endow- 
ment on average as compared to 43.4% sent by 
those born before the policy’s introduction). The ¢ 
test of difference in means is statistically insig- 
nificant (P = 0.11). OCP participants on average 
were less trusting, sending less to the other player 
(46.1 versus 50.6%) and returning less than those 
not born under the policy (30.4 versus 35.4%). 
Both of these differences are statistically significant. 

OCP participants invested significantly less in 
the riskier investment (58.1 versus 66.4%). In 
the competition game, fewer OCP participants 


Table 1. Demographic composition by cohort. We present means of variables by birth cohort and pre- and post-OCP. Column two 
reports means for those born in 1978 but excludes those born in 1978 who report they are an only child as a result of the policy. 


1975 1978" 1978 1980 1983 Pre-OCP Post-OCP 

% Only children 27.0 23.7 60.9 81.8 90.7 45.1 86.4 
% With one sibling 56.0 62.7 32.2 17.2 5.6 43.3 11.2 
% With two siblings 10.0 8.5 4.4 1.0 1.9 7.0 15 
% With three sibling 4.0 3.4 1.7 0.0 0.9 2.8 0.5 
% With four siblings 2.0 L7 0.9 0.0 0.0 1.4 0 
Average no. of siblings 0.97 0.97 0.50 0.19 0.12 0.72 0.16 
% Being the first born 52.0 35.6 67.0 85.9 93.5 60.0 89.8 
Average no. of cousins 6.93 7.95 7.78 7.14 6.90 7.4 7.0 
Average no. of aunts and uncles 5.15 5.42 5.81 5.91 6.27 5.5 6.1 
Age (years) 34.7 31.8 31.7 29.7 26.7 33.1. 28.2 
N 100 59 115 99 107 215 206 
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chose to compete than those born before the pol- 
icy (44.2 versus 51.8%). This difference is sub- 
stantial but not statistically significant (P = 0.12). 

Differences in competitiveness may reflect 
beliefs in one’s ability. Participants were asked in 
which performance quintile they expected them- 
selves to be relative to others in the room. There 
is no significant difference in this self-reported 
ranking between the pre- and post-OCP cohorts, 
although participants born under the OCP com- 
pleted significantly more sums correctly than their 
counterparts (table $2). This is consistent with 
the findings in the literature that only children 
perform better academically (26). 

The effects discussed above are simple mean 
differences. These could be due to differences 
in the demographic backgrounds of the pre- and 
post-OCP samples. To examine the OCP effects 
net of these observable characteristics, we esti- 
mated an econometric model in which we con- 
trolled for participants’ gender and education, 
maternal education, and whether the individual 
was born in Beijing; in addition to the main var- 
iable of interest, whether the participant was born 
under the OCP. The summary statistics for the 
control variables are presented in table $3. Table 2 
reports the estimation results. We find that even 
when the demographic and family background 
variables were controlled for, the unconditional 
effects we observed in Fig. 1 above persisted in 
terms of signs, magnitudes, and significance levels. 
The only difference from the unconditional 
estimates is that the regression results indicate 
that the lesser propensity for those who were born 
after the OCP to choose to compete becomes 
statistically significant once one controls for demo- 
graphic characteristics. 

The OCP indicator is defined according to 
birth cohort and hence is highly correlated with 


age. There is no evidence that age has a strong 
systematic effect on behavior in experiments of 
the type we conducted, particularly over the rela- 
tively small age range in our sample (24, 27-32). 
Age was not a determinant of behavior within the 
pre- and post-OCP cohorts (table S8). Our results 
are also largely unaffected when we limit the po- 
tential for age effects by focusing on just the 1978 
and 1980 cohorts (table $9). We thus conclude 
that age effects were not driving our results. Con- 
sistent with this result, marital status, being a par- 
ent, the age of parents, and people potentially 
becoming more capitalistic over time do not 
seem to explain our results either (tables S10 
and S11), 

Although the main effect of the OCP is to 
produce single children, the coefficients we esti- 
mate in Table 2 are not estimates of the effect of 
being a single child, because being a single child is 
not a unique characteristic of the after-OCP cohort. 
Many before-cohort individuals were also single 
children, and some children born after the policy 
were not single children (Table 1). The coefficient 
on the OCP indicator is thus the average behav- 
ioral effect of the OCP across the population. 

If being a single child were exogenous, then 
the effect of growing up without siblings would 
be estimated consistently from 


Y, =a+ BX + PSingle, + v; (1) 


where Y; is the behavior of interest; Single; is an 
indicator for being an only child; a, B, and @ are 
coefficients to be estimated; and v; is a random 
error term. The coefficient of interest would be 
¢. Being a single child in the pre-policy cohort 
was, however, largely a choice of parents. Thus, 
the coefficient on Single; in Eq. 1 would pick 
up not only the effect of being a single child but 
also the effect of any omitted family background 
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variables that influenced the probability of being 
an only child. This is a problem if the unob- 
served parental characteristics that make parents 
choose to have one child also affect individuals’ 
behavioral outcomes via genetic or nurture chan- 
nels, which is likely. The variable Single; is thus 
endogenous. 

We can, however, exploit the exogeneity of 
the imposition of the OCP and use the indicator 
of whether one was born under the policy, D;, to 
instrument for the endogenous variable Single}. 
We can thus identify the causal effect of growing 
up without siblings as a result of the OCP. That is, 
we estimate the equations below using an instru- 
mental variables ([V) approach. Equation 2b is 
the first-stage regression. 


Yi = a+ BX + PSingle;, + v; (2a) 


Single; = y + 8X, + «Di + uj (2b) 


where n, 5, and « are coefficients to be estimated; 
u; is a random error term; and the other terms are 
defined as above. Provided that the instrument 
satisfies a few assumptions (see section 2.1 in the 
supplementary materials), the IV estimate of ~ 
can be interpreted as the Local Average Treat- 
ment Effect (LATE) of growing up as only chil- 
dren because of the OCP (33). 

The IV results are reported in Table 3. In 
every case where we identified a difference in 
behavior between the pre- and post-OCP cohorts, 
being an only child as a result of the OCP was 
also shown to have a significant causal impact on 
behavior. The coefficients on being an only child 
are over double the coefficients on the indicator 
of whether one was born under the OCP reported 
in Table 2. Individuals who were only children as 
a result of the policy sent on average 16 per- 
centage points less of the endowment to the other 


100 + 
80-, Altruism Trust Trustworthiness Risk-Taking Competitiveness 
(p=0.11) (p=0.09) (p=0.02) (p=0.001) (p=0.12) 

70> 

60 ~ 

50> 

40+ ; 

sort — S| —_ 
20> __ = — -— 
10+ ; I 

o4 : 1 


% sent in Dictator Game 


% sent in Trust Game 


% returned in Trust Game % invested in risky option 


% choosing to compete 


Fig. 1. Behavioral consequences of the OCP. Mean differences in behavior between participants born before and after the OCP are shown. The P values reported 
in parentheses are from f tests of differences in means. Error bars are mean + SEM. 
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player and returned 11 percentage points less of 
what they received in the trust game, invested 20 
percentage points less of the endowment in the 
risky option in the risk game, and were 20% less 
likely to choose the competitive option in the com- 
petition game. In terms of standard deviations (SD) 
of the dependent variable, being a single child is 
associated with a decrease of 0.58 SD of the 


percentage sent in the trust game, 0.44 SD of the 
percentage returned in the trust game, 0.75 SD 
of the percentage invested in the risky option, and 
0.41 SD of the probability of competing. These 
are thus sizeable effects. 

In the post-experiment survey, participants 
were asked a number of questions that sought to 
assess their personality type and outlook on life. 


Table 2. Estimation results. We estimated Y; = a + BX; + yD; + €,, where Y; is a behavioral outcome 
observed in the experiments, and X; is a vector of control variables, which includes participants’ gender 
and education, maternal education, and whether the individual was born in Beijing. The main variable of 
interest is D;, which equals 1 if an individual is born after the introduction of the OCP and 0 otherwise. The 
coefficient y identifies any differences between those born before and after the policy and is our estimate 
of the behavioral impact of the OCP. Columns one to four report coefficients from Tobit estimation with 
lower censoring at 0 and upper censoring at 100. Column five presents marginal effects from a Probit 
estimation on whether to compete or not. Robust standard errors are shown in square brackets. *, **, *** 
indicate statistical significance at the 10, 5, and 1% levels, respectively. 


Trust and 
Altruism trustworthiness _Risk-taking Competitiveness 
Dictator game Trust game Risk game Competition game 


% Sent % Sent % Returned % Invested Chose to compete 
ocP —2.834 —6.980** =—5.024* =—7.987** —0.090* 
[2.275] [3.116] [2.728] [3.213] [0.050] 
Male —0.646 10:73*** 0.694 3.086 0.072 
[2.299] [3.120] = [2.687] [3.152] [0.049] 
University or above —14,37*** 1.496 -—15.34** -14.030* 0.149 
[5.484] [6.407] [6.314] [8.111] [0.115] 
3-year college 13,28" —-3:989 —15.53"* —5:323 0.12 
[5.538] [6.429] [6.290] [8.143] [0.118] 
Born in Beijing —5.319* —11.02** 4.788 5.391 0.082 
[2.977] [4.656] [4.485] [4.096] [0.075] 
Mother with 3-year college 0.518 8.887* 4.594 8.123* —0.009 
[3.784] [4.669] [4.253] [4.220] [0.067] 
Mother with university or above —4.363 6.983 —2.612 5.004 0.091 
[5.320] [5.998] [5.439] __[5.406] [0.100] 
Observations 410 408 398 416 419 


Table 3. Causal impact of being an only child. We present results from IV 
estimation. We used an indicator of being born under the OCP as an in- 
strument for being an only child. Columns one to four present the results of IV 


Dependent variables 


Only-child 

Male 

University or above 

3-year college 

Born in Beijing 

Mother with 3-year college 
Mother with university or above 


Observations 


Altruism 


(Dictator game; 
% sent) 


—6.743 


[5.454] 


—0.829 


[2.307] 


—13.742** 


[5.657] 


—12.573** 


[5.692] 


—3.054 


[3.486] 
1.238 
[3.837] 


—3.418 
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[5.440] 


410 


Trust 


(Trust game; 
% sent) 


—15.998** 
[7.219] 
10.604*** 
[3.153] 
3.064 
[6.593] 
-2.323 
[6.571] 
5.914 
[4.981] 
10.396** 
[4.721] 
8.522 
[6.038] 
408 


Trustworthiness 


(Trust game; 
% returned) 


—11.34* 
[6.199] 
0.584 
[2.693] 
—14.19** 
[6.680] 
—14.49** 
[6.657] 
8.442* 
[4.606] 
5.642 
[4.251] 
=1.571 
[5.554] 
398 


Participants were asked, “What do you think 
are the chances that it will be sunny tomorrow? 
Please write a number from 0 to 100, where 0 
means ‘absolutely no chance’ and 100 means 
‘absolutely certain.’ ” Responses to this question 
are widely used as an indicator of optimism (34). 
We found that those born under the OCP and 
those who grew up as single children as a result 
of the OCP were significantly less optimistic than 
others (table S15). 

The post-experiment survey also implemented 
the Big Five Inventory, which contains 44 ques- 
tions designed to categorize people in terms of 
openness (inventive/curious versus consistent/ 
cautious), conscientiousness, extraversion, agree- 
ableness, and neuroticism (sensitive/nervous ver- 
sus secure/confident). These five broad factors 
together encompass most known personality traits, 
and the 44 questions are used to construct scores 
for each of these traits (35). We examined to what 
extent these traits were determined by the OCP 
and single-child status. Being born under the OCP 
and growing up as a single child as a result of the 
OCP are associated with a higher neuroticism score 
and a lower conscientiousness score (table S15). 

These effects are not small: 0.69 SD of our 
optimism indicator, 0.52 SD of the conscien- 
tiousness score, and 0.71 SD of the neuroticism 
score. The result for neuroticism is consistent 
with the finding that positive sibling relationships 
moderate the relationship between stressful life 
events and internalizing behaviors (36). The find- 
ing that conscientiousness is lower is counter to 
the argument in the empirical literature in psy- 
chology that single children have a greater moti- 
vation to achieve, but it is consistent with Chinese 
parents’ views of their only children (37). 

Like the experimental results, our results for 
conscientiousness and optimism are qualitatively 
similar when estimated using just the 1978 and 


Tobit estimation. Column five presents marginal effects from IV Probit 
estimation. Robust standard errors are shown in square brackets. *, **, *** 
indicate statistical significance at the 10, 5, and 1% levels, respectively. 


Risk-taking Competitiveness 


(Risk game; (Competition game; 


% invested) competing) 
—19.002** —0.203* 
[7.920] [0.108] 
2.641 0.067 
[3.280] [0.049] 
—11.998 0.166 
[8.788] [0.114] 
-2.93 0.138 
[8.807] [0.118] 
11.528** 0.142* 
[4.797] [0.075] 
10.045** 0.011 
[4.605] [0.069] 
7.361 0.109 
[5.456] [0.099] 
416 419 
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1980 cohorts, and age is not a significant deter- 
minant within pre- and post-OCP periods. The re- 
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Highly Recurrent TERT Promoter 
Mutations in Human Melanoma 
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Systematic sequencing of human cancer genomes has identified many recurrent mutations 

in the protein-coding regions of genes but rarely in gene regulatory regions. Here, we describe 
two independent mutations within the core promoter of telomerase reverse transcriptase (TERT), 
the gene coding for the catalytic subunit of telomerase, which collectively occur in 50 of 70 
(71%) melanomas examined. These mutations generate de novo consensus binding motifs 

for E-twenty-six (ETS) transcription factors, and in reporter assays, the mutations increased 
transcriptional activity from the TERT promoter by two- to fourfold. Examination of 150 cancer 
cell lines derived from diverse tumor types revealed the same mutations in 24 cases (16%), 
with preliminary evidence of elevated frequency in bladder and hepatocellular cancer cells. 
Thus, somatic mutations in regulatory regions of the genome may represent an important 


tumorigenic mechanism. 


tions. To determine whether tumor genomes har- 
bor recurrent mutations outside of protein-coding 
regions, we systematically queried noncoding so- 
matic mutations using published whole-genome 
sequencing data. 

Analysis of whole-genome sequencing data 
from malignant melanomas (/, 2) revealed two 
somatic telomerase reverse transcriptase (TERT ) 
gene promoter mutations in 17 of 19 (89%) cases 
examined. The average sequence coverage at the 
TERT promoter locus was 30-fold in normal 
samples and 60-fold in tumor samples (fig. S1A). 
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ystematic characterization of human can- 
cer genomes has led to the discovery of a 
wide range of mutated genes that contribute 


to tumor development and progression. Most of 
the somatic mutations in tumors reside within the 
protein-coding regions of genes or at splice junc- 
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Each of these promoter mutations resulted in a 
cytidine-to-thymidine transition at a dipyrimidine 
motif indicative of ultraviolet (UV) light-induced 
damage (chr5, 1,295,228 C>T and 1,295,250 
C>T; hereafter termed C228T and C250T, re- 
spectively), and both mutations localized within 
100 base pairs (bp) of the TERT transcriptional 
start site (TSS) (mean allelic fraction, 0.32; range, 
0.07 to 0.55) (table S1). We validated these mu- 
tations by means of polymerase chain reaction 
and Sanger sequencing tumor/normal sample pairs 
from both the discovery set (Fig. 1A and fig. S1, 
B and C) and an extension set of 51 additional 
melanoma tumor/normal sample pairs. Within 
this extension set, 33 tumors (65%) harbored one 
of the mutations. Moreover, the mutations were 
mutually exclusive in both the discovery and ex- 
tension sets (P = 5.4 x 10 ’, Fisher’s one-sided 
exact test). Two tumors with a C228T transition 
also contained an adjacent C>T transition (at po- 
sition chr5, 1,295,229), which is indicative of a 
dinucleotide CC>TT transition. Together, these 
TERT promoter mutations were observed in 50 
of 70 (71%; 95% confidence interval: 59 to 82%, 
Clopper-Pearson method) melanomas examined 
(Fig. 1B and table S1). 

Both C228T and C250T generated an identical 
11-bp nucleotide stretch (5'-CCCCTTCCGGG-3’) 
containing a consensus binding site for E-twenty- 
six (ETS) transcription factors (GGAA, reverse com- 
plement) within the TERT promoter region. Because 
ETS transcription factors may become activated 
through dysregulation of mitogen-activated pro- 
tein kinase (MAP kinase) signaling, we hypothe- 
sized that these promoter mutations might augment 
gene expression. To test this hypothesis, we used 
a reporter assay system in which the relevant por- 
tion of the mutant or wild-type TERT core pro- 


Fig. 1. Identification of TERT pro- A 
moter mutations in melanoma and 
cancer cell lines. (A) Sequence chro- 
matograms of matched tumor and 
normal DNA representing somatic 
mutations chr 5 [1,295,228 C>T 
(C228T)] and chr 5 [1,295,250 C>T 
(C250T)] in the TERT promoter 
locus. (B) Pie chart of C228T and 
C250T somatic mutation status in 
70 surveyed melanoma tumors a 
and short-term cultures. Sum of 
percentages is greater than 100% 
because of rounding. (C) Lucifer- 
ase reporter assays for transcrip- 
tional activity from the TERT core 
promoter (200 to +73) with either 
the C228T or C250T mutation com- 
pared with wild-type promoter in 
A375, RPMI-7951, UACC-62, 124, 
or HepG2 cell lines. The results de- 
picted are the average of at least 
three independent experiments. 
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Values are mean + SD; *P < 0.05. (D) Bar plot of 150 cancer cell lines of CCLE (3) depicting TERT promoter 
mutation status. Individual bars represent the total number of cell lines of a given tumor type (table $1) 
interrogated for C228T and C250T mutations, with mutation status indicated by colors defined in the legend. SF 
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moter was cloned upstream of the firefly luciferase 
gene (2). Here, we tested both a core promoter 
fragment (—132 to +5 relative to the TSS) and the 
full core promoter (—200 to +73). In comparison 
to the wild-type TERT promoter, both mutations 
conferred approximately two- to fourfold increased 
transcriptional activity in five distinct cell line con- 
texts (Fig. 1C and fig. S1D). Thus, each mutation 
was capable of augmenting transcriptional activ- 
ity from the TERT promoter. 

To investigate whether similar TERT promot- 
er mutations occur in other cancer types, we 
examined sequencing data from this locus in 150 
cell lines from the Cancer Cell Line Encyclopedia 
(CCLE) (3). Overall, 24 CCLE lines (16%) con- 
tained either C228T or C250T (mean allelic frac- 
tion, 0.61; range, 0.17 to 1.00) (table S1). An 
increased frequency in melanoma was again 
noted (five of six lines tested), with additional 
evidence suggesting possible heightened preva- 
lence (25%; one-sided 95% confidence interval) 
in bladder (three of three lines) and hepatocellular 
cancer cell lines (four of six lines) (Fig. 1D). 

Several lines of evidence support the hypoth- 
esis that these promoter mutations may function 
as driver events that contribute to oncogenesis 
through TERT dysregulation and undergo pos- 
itive selection, at least in human melanoma. First, 
the TERT promoter mutations showed a com- 
bined frequency that exceeded those of BRAF 
and NRAS mutations, which activate known mela- 
noma driver oncogenes (4, 5). In an analysis 
restricted to somatic mutations present at an al- 
lelic fraction of 0.2 or greater [to reduce artifacts 
of mutation calling (/)], the four most recurrent 
melanoma nucleotide substitutions included 
BRAF [chr7, 140,453,136 A>T (V600E)], NRAS' 
[chrl, 115,256,529 T>C (Q61R)], and the TERT 
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core promoter mutations C228T and C250T. Sec- 
ond, although highly recurrent, C228T and C250T 
occurred in a wholly mutually exclusive fashion. 
This suggests the possibility that the mutations 
might be functionally redundant. Third, the ab- 
sence of other recurrent somatic mutations in the 
3 kb upstream of the TERT transcription start site 
in the queried melanomas (/) coupled with the 
absence of the described TERT promoter muta- 
tions in 24 lung adenocarcinomas with compa- 
rably high somatic mutation rates (6) reduces the 
possibility that these recurrent TERT promoter mu- 
tations are solely due to an increased background 
mutation rate at this locus. 

Although the role of telomerase in tumori- 
genesis is well established, details regarding its 
dysregulation in cancer cells remain incomplete- 
ly understood, particularly in melanoma (7). The 
TERT promoter mutations identified here may 
link telomerase gene regulation and tumorigenic 
activation in this malignancy. The high prevalence 
of C228T and C250T suggests that these TERT 
promoter mutations may comprise early genetic 
events in the genesis of melanoma and other can- 
cer types. Although TERT expression alone is not 
sufficient to bypass oncogene-induced senescence, 
genomic TERT activation may potentiate mech- 
anisms by which melanocytes achieve immortal- 
ization in the setting of oncogenic mutations (8). 
These results therefore suggest that renewed ef- 
forts to develop clinically effective telomerase in- 
hibitors may be warranted. 

At the same time, promoter mutations likely 
represent only one potential mechanism of TERT 
reactivation in a subset of human cancers. Indeed, 
recurrent chromosomal copy gains spanning the 
TERT locus have been described previously for 
several cancers, including melanoma (9, /0). 
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Highly recurrent somatic mutations within a 
cancer gene promoter region have not previous- 
ly been described. Similarly, the de novo muta- 
tional generation of transcription factor binding 
motifs in tumor genomes was heretofore un- 
known, although an ETS transcription factor 
binding motif was previously associated with a 
single-nucleotide polymorphism insertion at the 
MMP-1 locus (//). Together, these findings raise 
the possibility that recurrent somatic mutations 
involving regulatory regions, in addition to coding 
sequences, may represent important driver events 
in cancer. 
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TERT Promoter Mutations in Familial 
and Sporadic Melanoma 
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Cutaneous melanoma occurs in both familial and sporadic forms. We investigated a 
melanoma-prone family through linkage analysis and high-throughput sequencing and identified a 
disease-segregating germline mutation in the promoter of the telomerase reverse transcriptase 
(TERT) gene, which encodes the catalytic subunit of telomerase. The mutation creates a new 
binding motif for Ets transcription factors and ternary complex factors (TCFs) near the transcription 
start and, in reporter gene assays, caused up to twofold increase in transcription. We then 
screened the TERT promoter in sporadic melanoma and observed recurrent ultraviolet signature 
somatic mutations in 125 of 168 (74%) of human cell lines derived from metastatic 
melanomas, 45 of 53 corresponding metastatic tumor tissues (85%), and 25 of 77 (33%) 
primary melanomas. The majority of those mutations occurred at two positions in the 

TERT promoter and also generated binding motifs for Ets/TCF transcription factors. 


he identification of germline mutations 

| that cosegregate with disease in cancer- 
prone families often provides genetic and 
mechanistic insights into the more common, spo- 
radically arising cancers. In a study of cutaneous 
melanoma, the most malignant skin cancer, we 
investigated a large pedigree with 14 related mel- 
anoma patients who were not carriers of germline 
mutations in CDKN2A or CDK4, two known 
melanoma genes (Fig. 1). Multipoint linkage 
analysis showed a possible 2.2-Mb linkage re- 
gion on chromosome Sp with maximal logarithm 
of the odds ratio for linkage scores of 2.35 at 
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181379917 and 2.45 at rs1968011. Target-enriched 
high-throughput sequencing (HTS) of the region 
was carried out on constitutional DNA from the 
four affected and four unaffected members of the 
family with an average coverage between 55- 
and 108-fold (table S1) (7). The HTS data re- 
vealed a single promoter variant, three intronic 
variants, and three nongene variants previously 
unknown and unique to the DNA sequences of 
the affected individuals (table S2). The disease 
segregating variants, seven in total, were vali- 
dated by Sanger sequencing of DNA from the 
individuals sequenced by HTS and of DNA from 
additional unaffected members of the family. The 
new variants were also detected in an unaffected 
member (754, table S3), who was 36 years old 
and carried multiple nevi. DNA from affected 
individuals other than those sequenced by HTS 
was not available for testing. 

Of the seven unique variants identified, one 
variant (T>G), was located in the promoter at —57 
base pairs (bp) from ATG translation start site of 
the telomerase reverse transcriptase (TERT ) gene. 
The TERT gene encodes the catalytic reverse 


transcriptase subunit of telomerase, the ribonu- 
cleoprotein complex that maintains telomere 
length. The nucleotide change in the sequence 
CCTGAA>CCGGAA creates a new binding motif 
for Ets transcription factors, with a general rec- 
ognition motif GGA(A/T). Beyond the general 
motif for Ets transcription factors, the familial 
mutation also generates a binding motif, CCGGAA, 
for the ternary complex factors (TCFs) Elk1 and 
Elk4 (2, 3). To exclude the possibility that the 
detected promoter mutation in TERT is a common 
germline variant, we screened germline DNA from 
140 sporadic melanoma cases and 165 healthy 
controls, and none carried the variant. Screening 
of DNA from index cases from 34 Spanish mel- 
anoma families also did not show any mutations. 
No carriers were found in dbSNP and the 1000 
Genomes databases (data available for 18 indi- 
viduals were obtained from Ensembl). 

The familial mutation in the TERT promoter 
was in complete allelic linkage with a common 
polymorphism rs2853669 (G>A) at —246 bp up- 
stream from the ATG start site (table $3). In pre- 
vious work, this polymorphism was reported to 
disrupt an Ets binding site, and it was associated 
with low telomerase activity in patients with non— 
small cell lung cancer (4). In luciferase reporter 
gene assays, we found that the activity of con- 
structs containing the mutation at —57 bp of the 
TERT promoter was increased 1.5-fold and 1.2- 
fold over the wild-type construct in Ma-Mel-86a 
and human embryonic kidney (HEK) 293T cells, 
respectively. A construct with both the TERT 
mutation and the variant allele of the rs2853669 
polymorphism showed a 2.2-fold increase in pro- 
moter activity in Ma-Mel-86a and and 1.3-fold 
increase in HEK293 cells (mean from three mea- 
surements; details in supplementary text and fig. $1). 

The germline occurrence of the promoter mu- 
tation, creating an Ets/TCF motif, can result in 
modification of TERT expression in all tissues 
expressing Ets/TCF. Highest staining for the TCF 
Elk! protein has been reported in female-specific 
tissues, such as ovary and placenta. The increased 
expression of TCF Elk1 protein in female-specific 
tissues may cause gender-related differences in 
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Fig. 1. Pedigree of melanoma-prone family. Four generations were affected 
by melanoma (solid symbols; circles represent females, and squares represent 
males). After linkage analysis carried out on 15 family members (L), HTS was 
performed on four affected and four unaffected individuals (boxed samples). A 
mutation in the TERT promoter was identified in all affected members and one 


cancer susceptibility among carriers of the TERT 
mutation (5) (supplementary text). Two affected 
members of the family developed several differ- 
ent types of cancer (marked with # in Fig. 1). One 
affected individual presented with ovarian can- 
cer at age 27 and melanoma at age 30. Another 
individual was diagnosed with melanoma at age 
20; later she developed ovarian cancer, renal cell 
carcinoma, bladder cancer, mammary carcinoma, 
and finally bronchial carcinoma, leading to her 
death at age 50. 

The mutation in the melanoma-prone family 
prompted us to screen melanoma cell lines de- 
rived from sporadic cases of metastatic melano- 
ma. None of the cell lines carried the mutation 
detected in the family. However, we identified 
recurrent ultraviolet (UV)-signature mutations in 
the TERT core promoter in 74% (125 of 168) of 
the cell lines. The mutations were located within 
a 49-bp region starting from —100 bp upstream of 
the ATG start site (Table 1, Fig. 2, fig. S2, and 
table S4). There were two frequent mutations at 
—124 bp (G>A; C>T on opposite strand) and 
—146 bp (G>A); these mutations were mutually 
exclusive and occurred in 27 and 38% of cell lines, 
respectively. Two tandem GG>AA (CC>TT) mu- 
tations at positions —124/—125 bp and —138/-139 bp 
were observed at a frequency of 9%, The tandem 
mutation at positions —138/-139 bp could also be 
generated by a single-base mutation at —138 bp, 
because the base change at —139 bp has been re- 
ported as a rare polymorphism (rs35550267). The 
two most frequent single-base mutations as well 
as the two tandem mutations also result in the cre- 
ation of Ets/TCF binding motifs. 

Mutations were confirmed in 45 of 53 (85%) 
available metastasized tumors corresponding to 
the cell lines. The somatic nature of the mutations 
was shown by the absence of mutations in cor- 
responding DNA from peripheral blood mono- 
nuclear cells available from 23 patients. Somatic 
mutations in the TERT promoter were more fre- 
quent than the BRAF mutations (53%, 90 of 169), 
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unaffected individual (stars). Strikethrough symbols indicate deceased 
individuals. Two-digit numbers are age at onset of melanoma and age at 
death; Unk, unknown; Rs, rs2853669 observed in heterozygous form; three- 
digit numbers, DNA available; #, affected by other cancers; and index, index 
patient. 


Table 1. Most-frequent TERT core promoter mutations in screened metastatic melanoma cell lines 
and paraffin embedded primary tumors. A total of 169 cell lines were screened. Amplification for 
the TERT promoter failed for one cell line. Of 168 cell lines examined, 125 carried recurrent 
mutations. Of 77 primary melanomas examined, 24 carried recurrent mutations, and one carried a 
rare mutation (table $5). Seven rare mutations occurred at other sites in less than 2% of samples. 
Details of all mutations and polymorphisms are given in tables $4 and $5. Matched normal control 
DNA corresponding to 23 cell lines did not show mutations. For primary tumors, matched normal 


control DNA was not available. 


Position (hg19) and variant 


1,295,228 G>A 

1,295,228 and 1,295,229 GG>AA 

1,295,242 and 1,295,243 (rs35550267) GG>AA 
1,295,250 G>A 


Distance to 


: P oe : 
start (bp) Cell lines % Primaries % 
—124 46 27.4 7 9.1 
-124, -125 7 4.2 4 5.2 
138, -139 8 4.8 8 10.4 
-146 64 38.1 5 6.5 


CDKN2A alterations (50%, 84 of 169), and 
NRAS mutations (23%, 38 of 169; fig. S3). The 
occurrence of concomitant mutations in the TERT 
promoter and BRAF was more frequent (47%) 
than by random chance (40%) with an odds ratio 
(OR) of 3.2 [95% confidence interval (CI) 1.3 to 
8.2]. Concomitant mutations in TERT, BRAF, and 
CDKN2A were observed in 30% of cell lines com- 
pared with the expected frequency of such occur- 
rence of 9% (OR 5.6, 95% CI 2.4 to 13.8). The 
high recurrence and specificity of the TERT pro- 
moter mutations, together with the preliminary 
evidence from reporter assays that they have a 
functional effect on transcription, suggest that these 
mutations are driver rather than passenger events. 
Extensive functional studies will be required to 
validate this hypothesis. 

The TERT promoter mutations were also de- 
tected in 25 out of 77 (33%) paraffin embedded 
primary melanoma tumors (Table | and table S5) 
at —124 bp (7/77; 9%) and —146 bp (5/77; 7%). 
Four primary tumors carried the GG>AA tandem 
mutations at —124/-125 bp, and eight primary 
tumors carried the GG>AA tandem mutations at 
—138/-139 bp. Reduced sensitivity to detect mu- 
tations in paraffin-embedded primary tumors be- 
cause of contaminating normal cells cannot be 


ruled out. Primary tumors harbored five addi- 
tional mutations in the TERT promoter, which 
were not present in metastases, and those did 
not generate Ets/TCF binding motifs. We also 
screened DNA extracted from 25 melanocytic 
nevi and only one carried a mutation at —101 bp, 
which did not create an Ets/TCF motif. For both 
primary tumors and melanocytic nevi, matched 
normal control DNA was not available for testing. 

The TERT coding region has been reported to 
be somatically mutated in 1% of cancers (14 
cancer types, 1271 unique samples) (6). Muta- 
tions creating Ets/TCF binding motifs in the TERT 
promoter in melanoma have not been described in 
earlier sequencing projects. 

TCFs are a subfamily of Ets transcription fac- 
tors; two members of this subfamily, Elk] and Elk4, 
are downstream targets of BRAF and regulate the 
expression of many genes (7—//). Conceivably, 
TCF may represent a link between telomerase ac- 
tivity and the frequent BRAF activating muta- 
tions in melanoma (fig. S4) (/2, /3). Lastly, 
whether TERT promoter mutations occur in other 
cancer types remains to be determined. We did 
not detect these mutations in a screen of 22 esoph- 
ageal squamous cell carcinomas, but further analy- 
ses are warranted. 
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Fig. 2. The 7ERT core promoter in melanoma. Mutations creating Ets/TCF binding 
motifs were found in affected family members (—57 bp) immediately next to the 
transcription start site and in sporadic metastatic melanoma (—124 to —149 bp; 
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Increases in Adult Life Expectancy 
in Rural South Africa: Valuing the 
Scale-Up of HIV Treatment 


Jacob Bor,’?* Abraham J. Herbst,’ Marie-Louise Newell,” Till Barnighausen? 


The scale-up of antiretroviral therapy (ART) is expected to raise adult life expectancy in 
populations with high HIV prevalence. Using data from a population cohort of over 101,000 
individuals in rural KwaZulu-Natal, South Africa, we measured changes in adult life expectancy 
for 2000-2011. In 2003, the year before ART became available in the public-sector health 
system, adult life expectancy was 49.2 years; by 2011, adult life expectancy had increased 

to 60.5 years—an 11.3-year gain. Based on standard monetary valuation of life, the survival 
benefits of ART far outweigh the costs of providing treatment in this community. These gains in 
adult life expectancy signify the social value of ART and have implications for the investment 
decisions of individuals, governments, and donors. 


increased in nearly every part of the world 
(7). However, from the late 1980s, the HIV 
epidemic led to a reversal of this trend in south- 
em Africa, with a large rise in mortality among 
working-age adults (/—3). In South Africa, life 
expectancy at age 15 declined from 67.4 years in 


F or most of the 20th century, life expectancy 
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1990 to 58.7 years in 2009; and in Swaziland, 
from 68.1 to 53.4 years (2). In addition to the direct 
loss of life, these declines in adult life expect- 
ancy had profound negative effects on house- 
holds, communities, and governments, including 
declines in household wealth; large increases 
in the number of orphans; the loss of skilled 
workers, including teachers, doctors, and govern- 
ment officials; and the interruption of intergener- 
ational transmission of knowledge and norms (4). 

In the early 2000s, southern African nations 
began to disburse mass antiretroviral therapy 
(ART) for HIV through public-sector treatment 
programs, often with support from international 
donors. Using a combination of three or more 
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drugs, ART interrupts HIV replication, enables 
immune recovery, and improves survival among 
people with HIV (5). Population-level declines in 
HIV-related and all-cause mortality have been 
documented in South Africa (6-9), Malawi (/0), 
and other countries receiving financial assistance 
for HIV programs from the U.S. government (//). 
However, the impact of ART on population-level 
adult life expectancy in highly affected commu- 
nities has not been quantified. 

Life expectancy summarizes age patterns of 
mortality in a single statistic and is commonly 
used to compare differences in mortality across 
populations and over time (/—3). Because HIV 
predominantly affects working-age adults, adult 
life expectancy is of particular interest for gov- 
ernments and donors, as well as for individuals 
and households, whose plans for the future will 
be influenced by changes in the anticipated length 
of life. Adult life expectancy is defined as the 
mean age to which a 15-year-old could expect to 
live if subjected to the full pattern of age-specific 
mortality rates observed for a population over a 
particular period of time. Because future mortal- 
ity rates are unknown, adult life expectancy can- 
not be interpreted as the average age to which a 
cohort will live, except in the limited case in 
which age-specific mortality rates remain con- 
stant into the future. Adult life expectancy is best 
interpreted as a summary indicator of the mor- 
tality experience in a population at a given time. 

This paper documents the impact of South 
Africa’s public-sector scale-up of ART on adult 
life expectancy in a large population cohort in 
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rural KwaZulu-Natal, a setting with very high HIV 
prevalence (/2). The life expectancy of HIV pa- 
tients who begin ART before they fall severely ill 
and who subsequently adhere to their ART regi- 
mens approaches the life expectancy of people 
who are HIV-negative (/3). However, extrapola- 
tion to population-level life expectancy is not 
straightforward, owing to the difficulties of mea- 
suring treatment coverage (/4), adherence and re- 
tention (/5), and survival for patients presenting at 
later stages of HIV disease (/6). In addition, ART 
programs may have spillover effects on other as- 
pects of health systems, which may in turn affect 
non-HIV mortality, although the direction and mag- 
nitude of such effects have yet to be established 
(17, 18). ART scale-up may also have other spill- 
over effects on mortality, through changes in rates 
of depression and suicide, health care-seeking for 
other conditions, HIV risk compensation, and risk 
behaviors linked to survival expectations such as 
substance abuse and violence. By focusing on 
population-level life expectancy, we automatically 
account for any spillover effects on contempora- 
neous non-HIV mortality. 

Existing estimates of population-level life ex- 
pectancy in the era of ART are based on de- 
mographic models (/, 2, 19-27), which rely ona 
range of assumptions. For example, the South 
African government uses United Nations East 
Asia model life tables to infer age-specific mortal- 
ity rates (20). In contrast to modeling approaches, 
we directly measured dates of death using 
individual-level data from a large community- 
based population surveillance system. 

The study population included all adult res- 
ident and nonresident members of all households 
in a 434-kim’ surveillance area in rural KwaZulu- 
Natal. Data on births and deaths were collected 
from 2000 through 2011 via semiannual house- 
hold survey visits, with response rates >99% 
(22, 23). This Health and Demographic Surveil- 
lance System is maintained by the Africa Centre 
for Health and Population Studies (Africa Centre), 
a research center funded by the Wellcome Trust 
and affiliated with the University of KwaZulu- 
Natal. The Africa Centre’s population surveil- 
lance is a dynamic (open) cohort (24), in which 
individuals are observed from the date when they 
join a household in the surveillance area. To ac- 
count for complex patterns of cyclical migration, 
individuals are observed regardless of whether 
they reside in the surveillance area, provided that 
they are members of a household under surveil- 
lance. Individuals were included in this analysis 
so long as their death would have been observed 
had it occurred. The study included a total of 
101,286 persons, of whom about 60,000 were 
aged 15 years or older and under surveillance in 
any given year. 

The community is largely rural and is located 
in one of the poorest districts in South Africa (25). 
HIV prevalence is very high; 29% of adults are 
HIV-positive, with about half of women aged 30 
to 49 and about one-third of men aged 35 to 49 
living with HIV (/2). In the early 2000s, over 
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half of all deaths in this community were attrib- 
utable to HIV (7). 

In 2004, South Africa began to provide ART 
for HIV-infected adults at government clinics and 


Fig. 1. Adult life ex- 
pectancy, 2000-2011. 
Adult life expectancy is 
the mean age to which 
a 15-year-old could ex- 
pect to live if subjected 
to the full pattern of age- 
specific mortality rates 
observed in a popula- 
tion for a given period 
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hospitals, with the goal of achieving universal 
coverage for all individuals meeting disease-stage 
eligibility criteria. The public-sector HIV treat- 
ment program serving the Africa Centre surveil- 


of time. Annual esti- 
mates of adult life ex- 
pectancy (blue squares) 
are shown for each year, 
2000 to 2011, with 95% 
Cls. Public-sector pro- 
vision of ART to adults 
in this community began 
in 2004, as indicated by the vertical line. 
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Fig. 2. Survival curves - 
for 2003 and 2011. Kaplan- 
Meier survival curves for 
2003 (solid red line) and 
2011 (broken blue line) 
were estimated for the 
population under surveil- 
lance. Each curve displays 
the probability that some- 
one would be alive at a 
given age if subjected to the 
full pattern of age-specific 
mortality rates observed in 
that year. Conditional on 
survival to 15 years, the 
median length of life was ° 
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Fig. 3. Distributions of lengths 
of life are presented for 2003 
(solid red line) and 2011 (broken 
blue line). The thin green line 
displays the distribution of HIV- 
cause—deleted lengths of life for 
2001-2010, which are based on 
mortality rates that exclude HIV- 
related deaths. The proportion of 
deaths occurring in young adult- 
hood declined between 2003 and 
2011, but there was still evidence 
of excess HIV-related mortality 
among young adults in 2011 (by 
comparison to the HIV-cause— 
deleted distribution of lengths 
of life). 
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lance area first enrolled patients in September 
2004. The program is administered by the Depart- 
ment of Health, is led by nurses at community- 
based clinics, and is largely publicly financed. 
The Africa Centre has supported this program 
since its inception with funding from the U.S. 
President’s Emergency Plan for AIDS Relief 
(PEPFAR); in particular, the Africa Centre has 
provided health worker training, salary support, 
and technical assistance, such as the management 
of an electronic database. 

By | July 2011, 12.6% of adults aged 15 and 
older residing in this community had sought care 
in the public-sector HIV treatment program; 7.0% 
had initiated ART, representing more than a third 
of all HIV-infected adults living in the community 
(26) (fig. SI and table S1). Because of the high 
cost of antiretroviral drugs and low levels of health 
insurance coverage, private-sector ART utiliza- 
tion has always been very low in this community. 
The public-sector scale-up of ART was a clear shift 
in the therapeutic options available to people with 
HIV (27). 

Trends in adult life expectancy both before 
(2000-2003) and after (2004-2011) ART became 
available in the public sector were analyzed using 
a continuous-time approach (28, 29). Survival 
curves were estimated separately for each year, 
using the Kaplan-Meier estimator (30). Adult life 
expectancy, or mean length of life, was calculated 
as the area under the estimated survival curve. For 
single-year estimates of adult life expectancy, data 
at ages >95 years were sparse. To avoid bias due 
to variation in the age of the oldest cohort member 


across calendar years, we estimated life expectancy 
between ages 15 and 95 years. Ninety-five percent 
confidence intervals (CIs) were calculated for each 
annual estimate (28). In the pooled 2000-2011 
data, the difference between adult life expectancy 
to age 95 and adult life expectancy bounded by 
the age of the oldest cohort member was 0.12 years 
(0.04 years for men and 0.18 years for women); 
these constants were added to all estimates to ac- 
count for survival beyond age 95. 

We also investigated changes in the median 
length of life (i.e., the 50th percentile of the 
survival distribution) and in the full distribution 
of survival times. Pointwise 95% Cls on the sur- 
vival curve were estimated (29). Cls for the me- 
dian survival time were defined as the range of 
times for which the confidence bands on the 
survival function included the value 0.5. We con- 
structed percentile-bootstrap CIs (1001 samples) 
for the difference in adult life expectancy be- 
tween 2003 and 2011 and similarly for the dif- 
ference in median length of life (37). 

Finally, to illustrate the source of life ex- 
pectancy gains, we quantified the change in age- 
specific mortality rates from 2003 to 2011, for 
10-year age intervals, and estimated rate ratios 
using Poisson regression, with log-exposure time 
as the offset. 

Between | January 2000 and 31 December 
2011, 13,060 deaths occurred among 101,286 
individuals aged 15 years and older, contributing 
a total of 651,350 person-years of follow-up time. 

Adult life expectancy declined from 52.3 years 
in 2000 (95% CI, 50.9, 53.8) to 49.2 in 2003 (95% CL, 


Table 1. Age-specific mortality rates for 2003 and 2011. 


2003 
Age 
Deaths PY* Rate Deaths 

15-24 121 204.7 0.6 67 
25-34 387 131.4 29 201 
35-44 308 84.7 3.6 143 
45-54 175 53.3 3.3 117 
55-64 108 311 3.5 90 
65-74 109 21.5 5.1 84 
75-84 72 8.9 8.1 89 


Rate ratio 

oun 2011 versus 2003 
Py* Rate RR 95% Cl 

218.5 0.3 0.52 0.39 0.70 

160.2 13 0.43 0.36 0.51 
86.5 1:7 0.45 0.37 0.55 
59.6 2.0 0.60 0.47 0.75 
34.2 2.6 0.76 0.57 1.00 
20.1 4.2 0.83 0.62 1.10 
11.5 7.7 0.95 0.70 1.30 


*PY, hundreds of person-years. Age-specific mortality rates were estimated separately for 2003 and 2011. Rate ratios (RR) were 
estimated using a Poisson regression model, with log-exposure time as the offset. The proportion (number) of deaths due to HIV 
among persons aged 15 to 84 years was 59% (750) in 2003 and 46% (344) in 2010. At time of publication, verbal autopsy 


data were not yet complete for 2011. 


Table 2. Life-year gains and program costs, 2004-2011. 


Total life years gained, 2004-2011 
Estimated program costs, 2004—2011 
CER* ($ per life year) 


8142 
$10,806,451 
$1593 


*CER, cost-effectiveness ratio, defined as program costs per life year. Total life years gained is the difference between the 
number of adult life years lived between 2004 and 2011, based on observed mortality patterns and the number of adult life 
years that would have been lived had 2003 age-specific mortality rates persisted through 2011. Program costs were calculated 
by multiplying the total number of adult life years on ART or in pre-ART care by per-patient per-year cost estimates. All costs 
are reported as 2011 U.S. dollars. Total life years and program costs shown in the table are not discounted; the CER is based on 
cost and life-year estimates that were discounted at 3%. South Africa’s per-capita GNI was $6960 in 2011; the CER, as a 


percentage of per-capita GNI, was 23%. 
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48.2, 50.3) (Fig. 1). These life expectancies are sub- 
stantially lower than the 2000 World Health Or- 
ganization (WHO) adult life expectancy estimates 
for South Africa as a whole (61.4 years), but 
they are similar to the estimates for neighboring 
Swaziland (54.6) and Lesotho (51.2) (2). There is 
substantial geographic variation in HIV rates 
within South Africa, and adult HIV prevalence in 
rural KwaZulu-Natal is more similar to that in 
Swaziland (23.6%) and Lesotho (24.5%) than to 
that in South Africa as a whole (17.1%) (32). From 
2000 to 2003, adult life expectancy declined from 
55.4 to 51.3 years for women and from 49.0 to 
46.9 years for men (fig. $2). 

In 2004, adult life expectancy started to in- 
crease, reaching 60.5 years in 2011 (95% CI, 
59.0, 62.0), an 11.3-year gain (95% CI, 9.6, 12.9) 
in the mean length of life relative to 2003, the 
year before ART became available in the public- 
sector health system (Fig. 1). Both men and women 
experienced large gains in adult life expectancy 
over this period: 9.0 and 13.3 years, respectively 
(fig. S2). Sensitivity analyses using alternative def- 
initions of the study population (e.g., excluding 
nonresident members of households located in 
the demographic surveillance area) yielded sim- 
ilar results (fig. S3). Annual estimates of adult life 
expectancy with 95% Cls for men, women, and 
both sexes are reported in table S2. 

Comparing survival curves for 2003 and 
2011 (Fig. 2), the median length of life rose from 
42.6 years (95% CI, 41.2, 44.3) in 2003 to 
60.7 years (95% CI, 58.8, 62.7) in 2011, an 18.1-year 
gain for a typical person in this population (95% CI, 
15.4, 20.6). The change in the median is larger 
than the mean, because before 2004, the distri- 
bution of survival times was skewed to the right, 
so that the median length of life was less than the 
mean. Changes between 2003 and 2011 in the mean 
and median length of life were highly statistically 
significant (P < 0.001). Comparing the full dis- 
tribution of lengths of life for 2003 and 2011 
(Fig. 3) reveals a reduction in the proportion of 
deaths occurring in young adulthood. 

Between 2003 and 2011, all-cause mortality 
declined by over 50% for adults aged 25 to 44. 
Mortality reductions at older ages were much 
smaller and not statistically significant (Table 1 
and fig. S4). These changes in age-specific mortality 
rates are consistent with the decline in HIV-related 
mortality reported in previous studies of this co- 
hort (6, 7). 

As an extension of our analysis, we compared 
the observed changes in adult survival at the 
population level with the estimated costs of pro- 
viding ART in this community between 2004 
and 2011 to establish the cost-effectiveness of 
the past ART delivery. Our analysis comple- 
ments previous studies that have used predic- 
tive models to project future costs and effects 
of ART (33-35). 

Effects were assessed by comparing the total 
number of life years lived under the observed age- 
specific mortality rates between 2004 and 2011 
with the number of life years that would have 
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occurred during this period had the population 
been continuously exposed to mortality rates 
observed in 2003. Given that life expectancy prob- 
ably would have continued to decline below 2003 
levels in the absence of ART (Fig. 1), the 2003 
mortality rates provide a conservative counter- 
factual. There were 436,135 life years lived between 
2004 and 2011 based on observed mortality rates, 
and 427,993 life years in the counterfactual sce- 
nario without ART, a difference of 8142 life 
years (23) (Table 2 and table $3). 

To estimate costs, we calculated the total num- 
ber of person years on ART in the community in 
each year between 2004 and 2011 (fig. S1), and 
multiplied this by published costs of ART de- 
livery for South Africa over this period, account- 
ing for reductions in treatment costs over this 
period (36, 37). Person years in pre-ART care 
were included at one-sixth of ART costs (23). 
During the period 2004-2011, we observed 8609 
person years on ART and 7857 person years in 
pre-ART care (tables S3 and S4). 

The total cost of ART in this population was 
estimated at $10.8 million over the study period. 
Discounting both costs and effects at 3%, the 
cost-effectiveness ratio (CER) was $1593 per life 
year saved, less than a quarter of South Africa’s 
2011 per-capita gross national income (GNI) (38) 
(Table 2). Interventions with CERs less than per- 
capita GNI, a standard lower bound on the 
monetary valuation of a life year, are considered 
very cost-effective (35). It is important to note 
that this high level of cost-effectiveness of ART 
delivery is achieved in a public-sector ART pro- 
gram in rural South Africa, where ART reten- 
tion and adherence are imperfect and levels of 
treatment failure are high (39). Our study captures 
the full range of patient experiences on ART. 

We describe here the full population-level 
impact of a public-sector ART program on adult 
life expectancy in a setting of high HIV preva- 
lence in rural South Africa. Our estimates capture 
the net effects of ART scale-up on the survival of 
HIV patients receiving ART (direct effects), the 
mortality of people who are not on ART (spill- 
over effects), and the unmasking of non—HIV- 
related mortality in HIV-infected people whose 
lives have been extended by ART (compositional 
effects). Although the reversal of the decline in 
adult life expectancy coincided with the scale-up 
of ART (Fig. | and fig. S1), our estimates may 
also capture mortality trends not linked to the 
scale-up of ART. First, other changes in the 
community may also have affected survival, such 
as rural electrification, improved access to safe 
water, expansion of non-HIV health services, or 
a growing burden of noncommunicable dis- 
eases. Second, HIV-specific mortality trends 
may be influenced by internal dynamics of the 
HIV epidemic; in particular, historical trends in 
HIV incidence. 

To assess the contribution of non—-HIV-related 
mortality to the observed gains in adult life 
expectancy, we estimated HIV-cause—deleted 
adult life expectancy (2001-2010) using verbal 


autopsy data collected in the population sur- 
veillance (7). Cause-deleted life expectancy pro- 
vides a measure of the impact that a particular 
cause of death has on life expectancy. If cause- 
specific mortality risks are independent, then 
cause-deleted adult life expectancy provides an 
estimate of what adult life expectancy would 
be in the absence of HIV-related mortality (29), 
and a plausible upper bound on the life expectancy 
gains that could be attained from further in- 
vestments in HIV treatment and prevention pro- 
grams. HIV-cause—deleted adult life expectancy 
remained almost constant throughout the peri- 
od between 2001 and 2010 at about 70 years, 
even as observed adult life expectancy increased 
from 49.2 years in 2003 to 58.7 years in 2010 
(Fig. 4). These patterns imply a decline in HIV- 
related mortality rates amid stable mortality 
rates for other causes. This analysis confirms 
previous research in this population that found 
that secular changes in adult mortality between 
2004 and 2009 were attributable to reductions 
in HIV-related mortality, with no systematic trends 
in mortality due to injuries, noncommunicable 
diseases, and other causes (7). The absence of 
any trend in HIV-cause—deleted life expectancy 
suggests that the overall changes in survival in 
the population during this period were not sub- 
stantially driven by ART spillover effects, com- 
positional effects, or changes in other mortality 
risks in the community. 

The large reduction in HIV-related mortality 
after 2004 is consistent with direct effects of ART 
on the survival of HIV patients. However, these 
changes could be explained in part by historical 
patterns in HIV incidence. For example, if HIV 
infection rates peaked in the late 1990s, then a 
decline in mortality would be expected in the late 
2000s, because of the 8- to 10-year latency pe- 
riod from HIV infection to death. We note, how- 
ever, that HIV incidence has not declined in this 
area (40), and prevalence has increased (/2); if 
anything, there are more people at risk for pre- 
mature death due to HIV in recent years. One 
way to gauge the contribution of dynamics in- 
ternal to the epidemic is to project trends in adult 


Fig. 4. HIV-cause—deleted 

adult life expectancy. 70 
Trends in adult life expect- 
ancy (red line) and HIV- 
cause—deleted adult life 
expectancy (blue line) for 
2001-2010. HIV-cause— 
deleted life expectancy was 
estimated excluding deaths 
due to HIV, as identified 
by verbal autopsy in the 
Africa Centre surveillance. 
Whereas adult life expect- 
ancy increased after 2003, 
there was no systematic 
trend in HIV-cause—deleted 
adult life expectancy. 
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life expectancy in the absence of ART. Using 
the Actuarial Society of South Africa’s 2008 AIDS 
Model, we predicted adult life expectancy for 
black South Africans from the beginning of the 
epidemic to 2011, under the assumption that ART 
was not available to adults (2/). In contrast to the 
changes that we observed in individual-level sur- 
veillance data, the model projected a further decline 
in adult life expectancy between 2003 and 2011, in 
the absence of ART (fig. S5). Although we cannot 
rule out internal dynamics of the epidemic playing 
some role in the recovery of life expectancy, the 
widespread provision of ART through the public 
sector was almost certainly the most important 
factor explaining these changes. 

We did not use disability or quality-of-life 
weights in our valuation of life-years lived with 
HIV on ART. Accounting for possibly lower qual- 
ity of life would lower the estimated gains from 
additional years lived with HIV on ART. However, 
recent evidence suggests nearly complete recov- 
ery of physical and social functioning in people 
on ART (4/), and the latest therapeutic regimens 
have reduced side effects (42), allowing people 
with HIV on ART to lead essentially normal 
lives. Further, our focus on life years, rather than 
disability-adjusted life years, allows us to include 
changes in health throughout the population, 
given that we do not observe non—HIV-related 
morbidity. 

We observed gains of 11.3 years in adult life 
expectancy between 2003 and 2011, using indi- 
vidually measured data from a complete popula- 
tion cohort. These findings have several important 
implications. Our estimates suggest that existing 
predictions of changes in adult life expectancy 
based on demographic models rather than direct- 
ly observed data, as in our study, have substan- 
tially underestimated the effects of ART scale-up 
on survival in HIV-hyperendemic populations. For 
example, using a modified two-parameter logit 
prediction model, WHO estimated that adult life 
expectancy in South Africa did not increase, 
but in fact declined from 61.4 years in 2000 to 
58.7 years in 2009 and from 54.6 years to 53.4 years 
in neighboring Swaziland (2). 
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Additional gains in adult life expectancy for 
this population may be possible. In 2011, there 
was still substantial excess mortality due to HIV 
among younger adults under 50 years, as shown 
in Fig. 3. Increased efforts to recruit people with 
HIV into care and treatment earlier, to retain 
patients on treatment, and to ensure access to 
other health services may lead to further survival 
gains. Of particular interest in this setting is South 
Africa’s 2011 expansion of treatment eligibility 
to all patients with CD4 < 350 cells/1, which will 
facilitate earlier initiation on therapy. At present, 
only about half of those eligible for ART under 
the revised eligibility definition are receiving 
ART in South Africa (43). Although our find- 
ings strongly suggest that additional gains in 
life expectancy are possible, there are several 
sources of uncertainty regarding future trends. 
For one, although ART has been scaled up rap- 
idly, sustaining and improving on existing sur- 
vival gains will depend on continued political and 
financial commitment to ensuring access to treat- 
ment. Future mortality trends will also be in- 
fluenced by the effects of ART scale-up on HIV 
acquisition (26), HIV prevalence, sexual be- 
havior, care-seeking for HIV, and other health 
behaviors. Another important source of uncer- 
tainty is that the long-term survival of HIV 
patients on ART in this context is unknown, with 
treatment only widely available since 2004. How- 
ever, evidence from this and other settings in- 
dicates that the risk of death for people with 
HIV actually declines with time after ART ini- 
tiation (73). 

The changes in adult life expectancy asso- 
ciated with ART scale-up in HIV-endemic popula- 
tions are important information for governments 
and donors debating levels of support for public- 
sector HIV treatment programs. Changes in adult 
life expectancy resulting from ART may also have 
implications for forward-looking decisions of 
individuals, households, communities, and gov- 
ernments. In settings with high HIV prevalence 
(72) and high levels of social exposure to ART 
(44), we would expect individuals to revise their 
beliefs about their own longevity because of 
changes in survival in the community. These be- 
liefs may influence, among other things, fam- 
ily planning, investments in human capital (such 
as schooling and job training), savings behay- 
ior, and willingness to engage in risks with neg- 
ative consequences borne in the future (such as 
smoking, drug use, and criminal activity) (45-48). 
For households, communities, and countries, rising 
adult life expectancy will reduce the number 
of new orphans, improve the cross-generational 
transmission of knowledge and norms, and 
may lead to higher trust and social capital, as well 
as lower interest rates. For governments, rising 
adult life expectancy greatly increases the re- 
turns from investments in education and job 
training programs. Such changes will also have 
to be factored into projections of future pension 
obligations. Most important, gains in adult life 
expectancy provide the clearest evidence yet of 


the population-level impact of well-designed public- 
sector ART programs in settings of high HIV 
prevalence. 
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The landmark HIV Prevention Trials Network (HPTN) 052 trial in HIV-discordant couples demonstrated 
unequivocally that treatment with antiretroviral therapy (ART) substantially lowers the probability of 
HIV transmission to the HIV-uninfected partner. However, it has been vigorously debated whether 
substantial population-level reductions in the rate of new HIV infections could be achieved in “real-world” 
sub-Saharan African settings where stable, cohabiting couples are often not the norm and where 
considerable operational challenges exist to the successful and sustainable delivery of treatment and care 
to large numbers of patients. We used data from one of Africa’s largest population-based prospective 
cohort studies (in rural KwaZulu-Natal, South Africa) to follow up a total of 16,667 individuals who were 
HIV-uninfected at baseline, observing individual HIV seroconversions over the period 2004 to 2011. 
Holding other key HIV risk factors constant, individual HIV acquisition risk declined significantly with 
increasing ART coverage in the surrounding local community. For example, an HIV-uninfected 
individual living in a community with high ART coverage (30 to 40% of all HIV-infected individuals 

on ART) was 38% less likely to acquire HIV than someone living in a community where ART coverage 
was low (<10% of all HIV-infected individuals on ART). 


ne of the most successful public health 
() esse ever undertaken has been 

the provision of combination antiretro- 
viral therapy (ART) to more than 6.2 million peo- 
ple in sub-Saharan Africa (/). The ART scale-up 
has resulted in substantial population-level reduc- 
tions in HIV-related mortality in many populations 
(2, 3) and overall is estimated to have saved a total 
of more than nine million life-years (/). The re- 
sults of the landmark HIV Prevention Trials Net- 
work (HPTN) 052 trial in HIV-discordant couples 
demonstrated unequivocally that reducing the in- 
fected partner’s viral load through ART substan- 
tially lowers the probability of HIV transmission 
to the uninfected partner (4). This finding has 
further fueled hope that widespread use of ART 
could not only substantially increase life expect- 
ancy but also reduce the rate of new HIV infections 
at a population level and reverse the epidemic (5). 
Indeed, predictive mathematical models have sug- 
gested that under certain conditions high coverage 
of ART could lead to a substantial decrease in the 
rate of new HIV infections (6, 7). 

The HPTN 052 trial was run under the con- 
trolled conditions of a well-conducted clinical 
study, and hopes of a substantial reduction in the 
rate of new HIV infections in the hyperendemic 
communities of sub-Saharan Africa have been 
tempered with legitimate concerns relating to up- 
take of HIV testing and treatment, retention, ad- 
herence, resistance development, risk compensation 
in sexual behavior, high rates of migration, and the 
capacity of health systems to deliver ART. Fur- 
ther, it is unclear to what extent the results of 
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the trial can be extrapolated to communities where 
stable, cohabiting couples are not the norm (8). 
The existing global evidence of the population 
effect of HIV treatment as prevention has been 
based on “ecological” associations (correlations 
between group-level variables and group-level out- 
comes) between increasing ART coverage and HIV 
outcomes, such as the number of new HIV diag- 
noses in a given administrative region of (9). Such 
designs provide a weak basis for causal inference 
and may be subject to “ecological fallacy” (/0), 
that is, the inferential fallacy that occurs when a 
statistical association observed between variables 
on an aggregate level does not reflect the associa- 
tion that exists at an individual level. In this study, 
we use data from a population cohort of nearly 
17,000 individuals who were HIV-uninfected at 
baseline and follow them up over several years 
(2004 to 2011), observing individual HIV serocon- 
versions. We regress the individual-level outcome— 
time-to-HIV seroconversion—on ART coverage 
in the local community surrounding each HIV- 
uninfected individual to estimate the effect of in- 
creasing coverage on their risk of HIV acquisition. 
Although our exposure variable of interest— 
community-level ART coverage—is necessarily 
ecological in nature, our outcome and other varia- 
bles are measured at the individual level, avoiding 
ecological fallacies in effect attribution. An alter- 
native, rigorous approach to measure the impact 
of ART coverage on HIV acquisition risk is a cluster- 
randomized controlled trial. One such trial is already 
under way at the Africa Centre for Health and Pop- 
ulation Studies, and several other such trials will be 
starting shortly (//). However, the results of these 
trials will not be available for at least another 4 years. 
The study we report here took place in Hlabisa 
subdistrict, one of the five subdistricts in the rural 
district of Umkhanyakude in northern KwaZulu- 
Natal, South Africa (fig. S1). ART has been rap- 
idly scaled up in the district through the Hlabisa 


HIV Treatment and Care Programme, and by 
mid-2012 treatment had been initiated in more 
than 20,000 patients (/2). The study area is char- 
acterized by high adult HIV prevalence (24% in 
adults aged 15 years and older in 2011) and high 
levels of poverty and unemployment (in 2010, 
67% of adults over the age of 18 in the study 
area were unemployed). ART was delivered in 
17 community-based clinics by nurses and ART 
counselors using the standard South African drug 
regimens, which conform to World Health Or- 
ganization (WHO) ART guidelines (/3). Initial- 
ly, adults with WHO clinical stage 4 disease or 
CD4" cell counts of <200 cells/u! were eligible for 
ART. The treatment eligibility threshold was in- 
creased to CD4* <350 cells! for pregnant women 
and tuberculosis patients in April 2010, and this 
new threshold was subsequently extended to all 
adults in August 2011. During the period of ob- 
servation, no population groups were eligible for 
treatment initiation at CD4* >350 cells/ul. 

Within the Hlabisa subdistrict lies the Africa 
Centre demographic surveillance area, with ~60,000 
resident individuals under demographic surveil- 
lance at any given time (/4). Between 2004 and 
2006, all women age 15 to 49 years and men age 
15 to 54 years resident in the surveillance area 
were eligible for HIV testing. In 2007, eligibil- 
ity for the HIV survey was extended to cover all 
residents age =15 years. This HIV population co- 
hort is open, and any individual who migrates into 
the area immediately becomes eligible for partic- 
ipation in the HIV survey. Within a 5-year period, 
about 80% of all individuals consented to HIV 
testing. However, in a single year of testing, the 
HIV consent rate was ~50%; the rate increased in 
the most recent 3-year period. To determine the 
proportion of the total HIV-infected population re- 
ceiving ART, data from the Hlabisa HIV Treat- 
ment and Care Programme’s database [maintained 
by Africa Centre personnel and described else- 
where (/2)] were matched to the Africa Centre’s 
demographic data using strict matching criteria: 
A person was linked either by his/her unique 
South A frican identification number or by his/her 
name, if both first and last name matched. 

The 16,667 repeat testers who were HIV-uninfected 
at first test in the Africa Centre’s population-based 
cohort were individually geolocated to their home- 
steads, using the comprehensive Africa Centre geo- 
graphic information system. HIV prevalence and 
ART coverage for each individual’s own surround- 
ing community were then determined for every year 
of observation. ART coverage and HIV prevalence 
around each individual were measured by means of 
a moving two-dimensional Gaussian kemel of 3 km 
search radius (fig. S3) for each year of observation 
(2004 to 2011). The size of the kernel was deter- 
mined from the results of previous work (/5). The 
kernel moves systematically across the map and 
measures spatial variation in HIV prevalence [de- 
rived from the ~10,000 participants who consent 
to HIV testing each year (/4)] across the surveil- 
lance area. It then uses the resulting prevalence 
and geographic distribution of the total eligible 
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population to calculate the number of HIV-infected 
individuals in the surrounding local community 
for each cell on the grid. In the same manner, each 
patient on ART was geolocated to their homestead 
of residence, and the number of individuals in the 
surrounding local community on ART was com- 
puted for each cell on the grid. These data are then 
used to derive ART coverage (which we define as 
the proportion of all HIV-infected individuals 
receiving ART) at every location. Given the 
scattered distribution of the population (home- 
steads are not concentrated into villages or com- 


pounds as in many parts of Africa), the method 
is well suited to this setting because it does not 
impose any static geographical boundaries on 
the data but uses the precise location of each in- 
dividual (fig. S2) to derive a sensitive community- 
level measure that is both responsive to local 
variations and robust to the effects of random 
noise. The resulting ART coverage measure is a 
true population estimate because its denominator 
includes all HIV-infected individuals in this com- 
munity, independently of whether they have ever 
accessed an ART program or not. 


<10% 
10 - 20% 
| 20-30% 
30 -40% 


<10% 
10 - 15% 
15 - 20% 
20-25% 
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Fig. 1. Time series of maps showing the evolution of the proportion of the HIV-infected adults (>15 years of 
age) receiving ART (A) and HIV prevalence (B) across the demographic surveillance area (2005 to 2008, left 
to right, top row; 2009 to 2011, left to right, bottom row). A, Africa Centre; B, Mtubatuba Town; C, KwaMsane 
Township. Main roads are also superimposed for ease of reference. Each pixel on the map corresponds to the 
proportion of the total HIV-infected population receiving ART (A) and total population infected with HIV (B) in 
the surrounding local community as measured using a standard Gaussian kernel of radius 3 km. Over the 
study period, estimated HIV prevalence in the adult population (=15 years of age) increased from 18 to 24%, 
which is likely a consequence of the increasing life span of HIV-infected people due to ART. The proportion of 
the total HIV-infected population receiving ART was estimated at 37% in mid-2011. 


The group of 16,667 repeat HIV testers in this 
study are 75% of all individuals (©15 years of 
age) ever observed to be HIV-uninfected through 
the Africa Centre’s population-based HIV surveil- 
lance (2004 to 2011). The median duration between 
tests in these individuals was 1.8 years. We used 
survival analysis to examine the effect of ART 
coverage in the surrounding local community on an 
HIV-uninfected individual’s risk of HIV acquisition 
while controlling for a range of well-established 
demographic, behavioral, economic, and environ- 
mental determinants of acquisition of new HIV 
infection (/6, 17). These control variables rule out 
confounding by the individual and community 
characteristics they capture. In the analysis an in- 
dividual ftom this group of repeat HIV testers was 
considered to be at risk of acquiring HIV after the 
date of their first HIV-seronegative test. 

Treatment for the first patients in the surveil- 
lance area began in September 2004, and by July 
2011, an estimated 37% of all HIV-infected adults 
in the area had been successfully started on ART. 
Overall, the speed with which ART has been 
scaled up in this population has been rapid but 
heterogeneous in time and space (Fig. 1A). In 
2007, 6.4% of the population lived in commu- 
nities where coverage of all HIV-infected indi- 
viduals exceeded 30%, and by the middle of 
2011 this figure had increased to 90.8%. The 
geography of ART coverage did not follow a 
clear spatial pattern over the period of observa- 
tion (2004 to 2011). HIV prevalence was con- 
sistently highest in the peri-urban communities 
next to the National Road (Fig. 1B), where >30% 
of the adult population were infected with HIV. 
The lowest HIV prevalence occurred among com- 
munities in the more remote rural areas (<15%). 
There was little correlation between community- 
level HIV prevalence and ART coverage (correla- 
tion coefficient = 0.17). 

We directly observed 1413 HIV seroconversions 
in the 53,605 person-years at risk observed over the 
period 2004 to 2011 in the 16,667 individuals who 
were HIV-uninfected at baseline. See table S1 for the 
characteristics of the HIV-uninfected individuals. 
The crude HIV incidence over the observation pe- 
riod was 2.63 new infections per 100 person-years 
[95% confidence interval (CI) 2.50 to 2.77]. In- 
cidence peaked at 6.6 per 100 person-years in 
women at age 24, and 5 years later in men at 4.1 
per 100 person-years of observation (Fig. 2). 

After controlling for differences in the age and 
sex distribution, the risk of an HIV-uninfected in- 
dividual acquiring HIV (that is, the acquisition 
hazard) was substantially lower in areas of high 
ART coverage (Fig. 3A). Specifically, the risk of 
infection to an individual living in an area where 
the ART coverage was 30 to 40% was 34% (P < 
0.0001) less than to an individual living in an area 
with ART coverage of <10%. To increase the strength 
of causal inference based on the observed asso- 
ciation between ART coverage and individuals’ 
risk of newly acquiring HIV, we also controlled for a 
wide range of well-known demographic, behavioral, 
economic, and environmental determinants of an 
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individual’s risk of HIV acquisition (community- 
level HIV prevalence, marital status, household- 
level wealth, and the number of sexual partners in 
the past 12 months). After ruling out confound- 
ing by these factors, there was a steep and highly 
significant decline in an individual’s adjusted HIV 
acquisition hazard with increasing ART cover- 
age (Fig. 3B). Holding other factors equal, an 
HIV-uninfected person who lived in a communi- 
ty with ART coverage of 30 to 40% was on ay- 
erage 38% (P < 0.0001) less likely to acquire HIV 
infection than an HIV-uninfected person living in 
a community with ART coverage of <10% (Fig. 
3B). When we include ART coverage (%) in the 
model as a continuous variable we find that, over- 
all, a 1% increase in ART coverage is associated 
with a 1.4% decline [adjusted hazard ratio (aHR) = 


> 


co 
aie 


HIV incidence (per person-year) 


40 50 60 
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0.986] in the risk of acquisition of new HIV in- 
fection (Table 1). 

As expected, a key independent predictor of 
the risk of acquiring new HIV infection was the 
level of existing HIV infection in the local com- 
munity surrounding an HIV-uninfected individual 
(Fig. 3C). Controlling for other factors, an HIV- 
uninfected individual was 2.2 times as likely to 
acquire HIV in a community where HIV prev- 
alence was >25% relative to the base category 
of <10% (P < 0.0001). In line with previous re- 
search conducted in this population, age, sex, 
number of sexual partners in the past 12 months, 
and marital status were other independent pre- 
dictors of HIV acquisition (Table 1). The ART 
coverage hazard ratios were robust to the addition 
of different control variables and changed little 


= 
a 


across four nested models (table S2). Living in a 
peri-urban community was also associated with a 
greater risk of acquiring infection, but this effect 
was rendered insignificant by the addition of 
community-level HIV prevalence (table S2). 

In the multivariable base-case model, we con- 
trol for the known important determinants of HIV 
acquisition in this population (/6, 17). More- 
over, the lack of spatial clustering observed in the 
model residuals (see supplementary materials) in 
this analysis suggests that unmeasured community- 
level factors are not influencing our results. 
Nevertheless, we also wanted to further exclude 
the potential influence of other HIV prevention 
services whose scale-up over space and time 
could have correlated with that of ART. To this 
end, we analyzed the time trends in six variables 


HIV incidence (per person-year) 


70 80 90 100 0 
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Fig. 2. Female (A) and male (B) age variations in HIV incidence (95% Cl) by 5-year age-group for entire sample of repeat testers (NV = 16,667; 53,605 person- 
years of observation). Superimposed on the graphs are log-normal functions (obtained by maximum likelihood) fitted to the incidence point estimates. 
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that capture the behavioral (78) or biological out- 
comes of other HIV prevention interventions: (i) 
the proportion of people who had ever had sex, 
(ii) the average number of sexual partners in the 
past year, (iii) the point prevalence of concurrent 
sexual partnerships, (iv) the mean age difference 
between partners, (v) proportion using condoms 
at last sexual activity, and (vi) proportion of cir- 
cumcised men. We found that neither circumci- 
sion rates (which were 5.8% in 2004 and 5.0% 
in 2011) nor sexual partnership indicators (/8) 
changed significantly over the study period. How- 
ever, condom use at the last sexual activity with 
a regular partner increased significantly, from 
26.2% in 2005 to 54.3% in 2011. We therefore 


analyzed the distribution of condom use across 
the surveillance area using the Gaussian kernel 
methodology (fig. S4) and ran a subanalysis in 
which we added condom use as a time- and 
space-varying community-level control variable to 
the multivariate base-case model. Controlling for 
condom use did not affect the strong relationship 
between the ART coverage and the risk of HIV 
acquisition (table S3 and fig. S5). This null find- 
ing is likely a consequence of the fact that con- 
doms are only effective in preventing HIV infection 
if they are used correctly and consistently over a 
long period of time (/9). 

The adjusted hazard of acquiring HIV (fig. S7) 
shows a declining trend between 2004 and 2011. 


REPORTS W 


To investigate whether changes in the commu- 
nity over time, other than the behavioral and bio- 
logical risk factors that we directly measured, 
might explain the ART coverage result, we added 
time-period dummy variables to our regression 
equation (table $4). After inclusion of these dum- 
my variables, the ART coverage effect size esti- 
mates remain essentially unchanged. 

The ART coverage result proved to be robust 
to a wide range of changes in the multiple sen- 
sitivity analyses we performed, including different 
survival model specifications (table S8), different 
age-eligibility criteria (table S10), different meth- 
ods for imputing the date of HIV seroconversion 
(tables S5 and S6), and a range of different size 


Table 1. Output from the final multivariable survival model showing the effect of coverage of ART in the surrounding community on an HIV-uninfected 
individual's hazard of acquiring HIV infection (NV = 16,667). 


Univariable analysis 


Multivariable analysist 


Variable —. oo —_ ——.. 
HR (95% Cl) P aHR (95% Cl) P 
Community-level* ART coveraget (versus <10%) 
10-20% 0.85 (0.74—0.98) 0.030 0.93 (0.8—1.08) 0.325 
20-30% 0.72 (0.62—0.83) <0.0001 0.79 (0.67—0.92) 0.003 
30-40% 0.51 (0.42—0.63) <0.0001 0.62 (0.50—0.76) <0.0001 
>40% 0.40 (0.28—0.58) <0.0001 0.63 (0.44—0.91) 0.013 
Community-level* HIV prevalence (versus <10%) 
10-15% 1.40 (1.02—1.93) 0.039 1.42 (1.03-1.97) 0.034 
15-20% 1.63 (1.20-2.22) 0.002 1.69 (1.23-2.31) 0.001 
20-25% 1.86 (1.37—2.54) <0.0001 2.00 (1.44—2.78) <0.0001 
>25% 1.99 (1.45-2.74) <0.0001 2.20 (1.55-3.14) <0.0001 
Age-sex stratat (versus male 15-19 years old) 
Male 20-24 3.29 (2.34—4.64) <0.0001 3.03 (2.15—4.27) <0.0001 
Male 25-29 5.77 (3.98-8.36) <0.0001 5.22 (3.6—7.58) <0.0001 
Male 30-34 3.82 (2.35-6.2) <0.0001 3.67 (2.23—6.04) <0.0001 
Male 35-39 4.15 (2.58-6.65) <0.0001 4.32 (2.67-6.99) <0.0001 
Male 40-44 2.23 (1.23—4.05) 0.008 2.47 (1.36—4.5) 0.003 
Male > 45 1.25 (0.82—1.89) 0.294 1.71 (1.1-2.64) 0.017 
Female 15-19 5.97 (4.40-8.09) <0.0001 6.36 (4.67—8.64) <0.0001 
Female 20-24 8.45 (6.24—11.44) <0.0001 8.92 (6.56—2.12) <0.0001 
Female 25-29 7.16 (5.13—9.99) <0.0001 7.74 (5.52—0.85) <0.0001 
Female 30-34 4.62 (3.16—-6.74) <0.0001 5.38 (3.66—-7.91) <0.0001 
Female 35-39 2.96 (1.99—4.39) <0.0001 3.71 (2.46—5.58) <0.0001 
Female 40-44 2.91 (2.00—4.24) <0.0001 3.61 (2.44—5.36) <0.0001 
Female > 45 0.87 (0.60—1.24) 0.429 1.14 (0.78-1.67) 0.494 
Area of residencet (versus rural) 

Peri-urban 1.37 (1.23—1.53) <0.0001 1.13 (0.98-1.3) 0.105 
Urban 1.00 (0.70—1.43) 0.985 0.93 (0.64—1.35) 0.703 
Marital status (versus single) 

Married monogamous 0.33 (0.27—0.41) <0.0001 0.67 (0.53—0.84) 0.001 
Married polygamous 0.43 (0.25—0.75) 0.003 1.14 (0.65-2.01) 0.64 

Number of partners in the last 12 months (versus zero) 

One 3.22 (2.18—-4.76) <0.0001 1.77 (1.17—2.67) 0.008 
More than one 3.72 (2.47—-5.61) <0.0001 2.49 (1.61—3.86) <0.0001 
Household wealth quintile (versus poorest) 
2nd poorest 0.99 (0.84—1.16) 0.881 0.96 (0.82—1.14) 0.658 
3rd poorest 1.03 (0.88—1.21) 0.721 0.97 (0.82—1.14) 0.676 
4th poorest 1.02 (0.87—1.20) 0.813 0.92 (0.78—1.08) 0.296 
Wealthiest 0.94 (0.78—-1.12) 0.468 0.82 (0.68—1.00) 0.044 
Weibull shape parameter - - 2.94 (2.80—3.13) 0.003 


*Derived using a standard Gaussian kernel (radius 3 km) around each HIV-uninfected individual in the population cohort. 


{Corresponding values for a model in which community-level ART coverage 


and HIV prevalence are used as continuous variables (%); ART coverage aHR = 0.986 (95% Cl 0.981 to 0.991), P < 0.0001; HIV prevalence aHR = 1.038 (95% CI 1.026 to 1.050), P < 0.0001. We 
sequentially added polynomial terms for the community-level HIV prevalence and ART coverage to this model, in order to allow greater flexibility in the functional form of the relationship between these 


factors and HIV acquisition. However, none of these polynomial terms were significant and we thus did not include them in the analyses shown here. 


www.sciencemag.org SCIENCE VOL 339 22 FEBRUARY 2013 


indicates variables that vary with time. 


969 


| REPORTS 


970 


(radius = 2.5 to 3.8 km) and shape kernels used in 
constructing the community-level variables (table 
S7). In the base-case analysis, values that were 
missing for two of the covariates, marital status 
and number of sexual partners in the past year, were 
imputed using multiple imputation (see supplemen- 
tary materials). As a sensitivity analysis, we re- 
peated our regressions with the sample of complete 
cases only, that is, the sample of individuals with- 
out any missing values. The ART coverage effect 
size estimates in this analysis remained very sim- 
ilar to those in the base-case analysis (table S9). 
As described above, the ART coverage results 
also persisted after we controlled for the influence 
of other prevention activities that had changed 
over the study period (table S3), as well as after 
adjusting for the trends in calendar time (table S4). 
Consistent with the “treatment-as-prevention” 
hypothesis, the decline in the risk of acquisition 
of HIV infection with increasing ART coverage 
in the older age groups (>35 years of age), where 
ART coverage was highest, was more pronounced 
than for the population as a whole (fig. S6). We 
also formally investigated whether selection ef- 
fects could affect the results, by imputing HIV 
status for every individual who was eligible for 
testing in a particular year (see supplementary 
materials). We then used the same Gaussian kernel 
technique as for the base-case analysis to derive a 
prevalence map and resulting ART coverage es- 
timates, Next, we reran the main model using these 
alternative community-level estimates. Using the 
imputed estimates to calculate community-level HIV 
prevalence and ART coverage had little bearing 
on the results (table S12). Further, to ascertain 
whether our findings would also continue to hold 
if we used an alternative (but less sensitive) approach, 
we ran an isigodi fixed-effects analysis, with HIV 
prevalence and ART coverage as time-varying 
variables. An isigodi is a traditional Zulu area 
(plural: izigodi); there are a total of 23 izigodi in 
this surveillance area. This analysis also confirmed 
a strong ART coverage effect (table S11). 

Our findings build on the results from the 
recent HPTN 052 study that showed that if an 
HIV-uninfected person adheres to an effective 
antiretroviral therapy regimen, the risk of trans- 
mitting the virus to their uninfected sexual partner 
can be reduced by 96% (3). The trial was con- 
ducted under highly controlled conditions among 
stable, serodiscordant couples who had mutually 
disclosed HIV status to each other. High levels of 
ART adherence were achieved, and only 5% vi- 
rologic failures in the intervention group were ob- 
served over the 42-month study period. By contrast, 
in the Hlabisa Treatment and Care Programme, 
23% of patients initiated on ART had unsuppressed 
viral loads after having been on treatment for more 
than 12 months (20). The results presented are in 
line with recent modeling predictions in which an 
established stochastic mathematical model was cal- 
ibrated specifically to the demographics, sexual 
behavior, and rate of ART scale-up observed in 
this population (2/). The model projects a steady 
decline in the rate of new infections starting in 


2010. Specifically, the model predicts an inci- 
dence rate ratio of 0.74 in 2011 (ART coverage at 
CD4" <350 cells/ul = 63%) decreasing to 0.57 in 
2020 (ART coverage at CD4* <350 cells/ul = 
84%) relative to the baseline year of 2004. Sim- 
ilarly, a systematic comparison of 12 mathematical 
HIV epidemic models demonstrated consistency in 
the prediction that high levels of ART coverage 
will reduce the rate of new infections (6). 

In contrast to previous work that focused on 
ecological associations between uptake of ART 
and aggregate outcomes associated with the rate 
of new HIV infections in a given geographical 
unit (22-29), we directly measured time to HIV 
seroconversion in each individual and were thus 
able to avoid ecological fallacies and to control 
for a wide range of potential individual-level 
confounders in the analysis. By including both 
community-level ART coverage and HIV prev- 
alence in the model as space- and time-varying 
variables, we have accounted for (and exploited 
for effect size estimation) the rapid scale-up in 
ART and associated changes in HIV prevalence 
in this population between 2004 and 2011 and 
the fact that each HIV-uninfected individual in 
the population will have differing exposures over 
time and space. It is a further strength of our data 
and approach that our effect size estimates cap- 
ture the combined effect of multiple pathways 
through which ART coverage might reduce the 
risk of new HIV infection that are in addition to 
the biological effect of reducing mean viral load 
and consequently HIV transmission probability. 
For instance, HIV counseling and testing uptake 
might conceivably have increased because the 
availability of ART adds an important motivation 
to the other reasons for knowing one’s HIV status. 
The increasing exposure to HIV counseling, in 
turn, could have led to changes in sexual behavior 
in both HIV-uninfected and HIV-infected individ- 
uals. Other examples of ART-induced behavior 
changes include risk compensation (30) (because 
the availability of ART mitigates the consequences 
of HIV infection) and decreased sexual risk-taking 
(because of increased optimism about the future 
as ART increases life expectancy) (3). Such behay- 
ioral effects of ART may contribute to the total 
effect of ART coverage on HIV acquisition and 
would have been captured by our approach. Fi- 
nally, because ART is delivered through a public- 
sector program in a typical rural sub-Saharan 
African setting, we were able to test the effective- 
ness of ART in reducing the risk of acquiring in- 
fection in the context ofa successful, but imperfect, 
real-world ART program (3). 

A potential threat to the validity of our finding 
is the possibility that individuals within low ART- 
coverage communities differ systematically from 
their counterparts in high ART-coverage commu- 
nities in factors that affect HTV acquisition. Thus, 
we exploited the detailed longitudinal, individual- 
level information available in the Africa Centre 
cohort to control for the well-known determinants 
of HIV acquisition in this population, as well as 
for the potential effects of other synchronous HIV 


prevention interventions. However, as in any large 
population-based prospective cohort study, such 
as the Framingham Heart Study, we cannot com- 
pletely rule out biases due to unobserved con- 
founding factors. Furthermore, it is possible that 
in other populations, the relationship between ART 
coverage and HIV acquisition could differ—for 
instance, due to different sexual behaviors. Future 
studies, in particular cluster-randomized controlled 
trials, are necessary to confirm and test the va- 
lidity and generalizability of our findings. 

Another issue to consider is the potential ef- 
fect of “contamination” arising from differences 
in the geography of sexual partner choice. In this 
regard, it is important to note that our ART cov- 
erage results were robust to a range of different 
size and shape “communities” (kernels) used in 
the analysis (see supplementary materials), In ad- 
dition, we have previously shown that sexual part- 
ner choice in this population has a strong local 
geographical dimension (/7). Indeed, over the du- 
ration of this study, 67% of individuals in the cohort 
report having at least one sexual relationship with 
someone in the same small Zulu community or 
isigodi. (Izigodi have a median area of 16.9 km/, 
Just 37% of the area searched around each HIV- 
uninfected participant to derive the community- 
level variables using the largest Gaussian kernel 
in our analyses.) This observation is further sup- 
ported by the striking relationship between local 
HIV prevalence and risk of new infection (Fig. 
3C). Moreover, such unsystematic contamination 
effects, whereby individuals choose some sex part- 
ners outside their community, will likely lead to 
attenuation of the relationship between the expo- 
sure and the outcome, biasing the results toward 
the null hypothesis (37). It is thus unlikely that we 
have overestimated the effect of ART coverage on 
HIV acquisition due to contamination. 

Our results suggest that population-level re- 
ductions in the transmission of HIV can be achieved 
in nurse-led, devolved, public-sector ART programs 
in rural sub-Saharan African settings where com- 
plete coverage of therapy under existing treatment 
guidelines has not yet been attained. Although 
key questions remain about durability of protec- 
tion, long-term adherence, and transmission of 
ART-tesistant strains to partners (32), our findings 
indicate that commitment to further increasing ART 
coverage in sub-Saharan Africa can contribute 
substantially to meeting the Political Declaration 
of the United Nations General Assembly (33) of 
halving sexual transmission of HIV by 2015. 
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Minimal “Self” Peptides That Inhibit 
Phagocytic Clearance and Enhance 
Delivery of Nanoparticles 


Pia L. Rodriguez,’ Takamasa Harada,’ David A. Christian,’ Diego A. Pantano,* 


Richard K. Tsai, Dennis E. Discher?’2* 


Foreign particles and cells are cleared from the body by phagocytes that must also recognize 
and avoid clearance of “self” cells. The membrane protein CD47 is reportedly a “marker of self” 
in mice that impedes phagocytosis of self by signaling through the phagocyte receptor CD172a. 
Minimal “Self” peptides were computationally designed from human CD47 and then synthesized 
and attached to virus-size particles for intravenous injection into mice that express a CD172a 
variant compatible with hCD47. Self peptides delay macrophage-mediated clearance of 
nanoparticles, which promotes persistent circulation that enhances dye and drug delivery to 
tumors. Self-peptide affinity for CD172a is near the optimum measured for human CD172a 
variants, and Self peptide also potently inhibits nanoparticle uptake mediated by the contractile 
cytoskeleton. The reductionist approach reveals the importance of human Self peptides and 
their utility in enhancing drug delivery and imaging. 


acrophages evolved to engulf and clear 
Monin microbes and dying cells, but 

they respond similarly to injected par- 
ticles, viruses, and implants, which hampers 
delivery of therapeutics and imaging agents. 
Coating of nanoparticles or liposomes with poly- 
ethylene glycol (PEG) creates “stealth” brushes 
that mimic a cell’s glycocalyx and that delay im- 
mune clearance of foreign particles (/—3), but 
brushes can also hinder uptake by diseased cells 
(4). Neither a polymer brush nor a glycocalyx 
stops adsorption of abundant serum proteins, 
such as immunoglobulin G (IgG) (table $1), which 
promote clearance [e.g., (/—3, 5)], and any foreign 
polymer can also be immunogenic (6). Targeting 
diseased cells with ligand-modified particle con- 
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structs might make brushes unnecessary, but some 
ligands also promote rapid clearance by phago- 
cytes (2, 7). In the reductionist approach here, we 
make a synthetic, human-based “Self” peptide 
that specifically binds and signals to phagocytes to 
inhibit clearance of particles as small as viruses. 
CD47 glycoprotein is a putative “marker of 
self” in mice (8) and is expressed on all cell mem- 
branes in humans, mice, and other mammals (9). 
It associates in cis with integrins (/0) and other 
species-specific, immunogenic complexes on cells 
(//—13). Mouse knockouts of CD47 (mCD47) are 
viable, but when red blood cells (mRBCs) from 
these mice are injected into the circulation of con- 
trol mice, the deficient cells are cleared within hours 
by splenic macrophages, whereas normal mRBCs 
circulate for weeks (8). CD47’s extracellular do- 
main interacts with CD172a (also known as signal 
regulatory protein-a,, SIRPo) on phagocytes (/0). 
Although binding is typically species-restricted 
(13), SIRPa is highly polymorphic, even within a 
species (/4). Macrophages in nonobese diabetic/ 
severe combined immunodeficient (NOD/SCID) 
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strains of mice express a SIRPa variant that cross- 
reacts with human CD47 (hCD47), which explains 
why human hematopoietic cells engraft and cir- 
culate in NOD/SCID better than any other mice 
(4, 15). In vitro, the CD47-SIRPa interaction 
inhibits mouse macrophage uptake of antibody- 
coated mRBCs (8), as well as human macro- 
phage uptake of both human RBCs (hRBCs) and 
hCD47-coated microparticles (16). This is not sur- 
prising as SIRPo signaling inhibits contractility- 
driven uptake of micron-size cells and particles 
(16). However, contractile forces are widely con- 
sidered unimportant to internalization of nano- 
particles and viruses, and so it is unclear whether 
this inhibitory interaction could be exploited in 
nanoparticle-based therapeutics. 

We addressed whether hCD47 and a synthetic 
Self peptide can minimize phagocytic uptake 
of nanoparticles and thereby enhance delivery 
in NOD/SCID mice with X-linked severe com- 
bined immunodeficiency (1l2rg’ ~) mice (NSG). 
We first showed that blocking mCD47 acceler- 
ates clearance of mRBCs in NSG mice. Cells (or 
nanobeads) were split into two samples, with 
one sample labeled by red fluorophore and the 
other sample labeled by far-red fluorophore plus 
antibody against mCD47. The samples were mixed 
1:1 for injection into the same mouse, and blood 
samples at subsequent time points were analyzed 
by flow cytometry for both colors, which produced 
aratio (fig. S1A) that minimizes mouse-to-mouse 
variations. IgG and other serum proteins physisorb 
in vivo to RBCs (7), viruses (/8), and PEGylated 
nanoparticles (79) (table S1), but in NSG mice, 
IgG is very low or not detectable (versus ~100 uM 
in normal animals). Controlled opsonization with 
IgG was therefore used in most of our studies to bet- 
ter mimic immune-competent animals. With RBCs, 
mRBC-specific antibody was added to promote 
clearance via phagocytosis (20). Consistent with 
a marker-of-self function of mCD47, the persist- 
ence ratio for the mixed sample [mRBCs/(mRBCs 
with blocked mCD47)] increased exponentially 
with a doubling time (7) of 33 min (Fig. 1B); single- 
color analyses also give T= 30 min (fig. S1B). 
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RBC membranes have hundreds of different 
interacting proteins, and many involved in clear- 
ance are different for mouse and humans (/2, 2/). 
To give a better-defined surface for reductionist 
studies in vivo and also to begin testing the marker- 
of-Self concept on foreign particles of potential 
use for imaging and therapy, the extracellular 
immunoglobulin-like domain of hCD47, which 
binds SIRPa, was recombinantly expressed; site- 
specifically biotinylated; and then bound to 
streptavidin-coated, 160-nm polystyrene nano- 
beads. Beads were also labeled with red or near- 
infrared dyes (or left unlabeled) and controllably 
opsonized with either antibody against streptavidin 
(fig. S1C) or a biotinylated antibody for tar- 
geting (fig. SID). After injection into an NSG 
mouse, blood analysis by flow cytometry clearly 
identified nanobeads on the basis of both distinc- 
tive scatter and fluorescence detection of the op- 
sonizing antibody + hCD47 (Fig. 1A and fig. S1, 
A and C). A persistence ratio for [(nanobead + 
hCD47)/nanobead] was well-controlled at every 
time point and again increased exponentially 
with a doubling time (7) of 33 + 8 min (Fig. 1C). 
Mice injected with a single color of nanobead 
gave similar results (7= 31 min) (fig. SIE). PEG- 
biotin nanobeads that were also preopsonized 
showed a flat persistence curve (7 > 200 min), 
consistent with the fact that PEG brushes alone 
do not directly inhibit clearance by macrophages 
(fig. S2, A to C). In the absence of preopsoniza- 
tion, PEG-nanobeads did circulate for hours as 
expected, but hCD47, once again, enhanced cir- 
culation (fig. S2D). hCD47 on virus-size parti- 
cles is thus an inhibitor of in vivo clearance and 
thereby prolongs circulation. 

Minimization of the 117—amino acid immuno- 
globulin-like domain of hCD47 to a small, binding- 
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Fig. 1. Self peptide and hCD47 prolong the 
circulation of nanobeads in NSG mice. (A) Com- 
petitive circulation in which two colors of nano- 
beads or cells injected into the same mouse are 
flowing with blood and being cleared by a splenic 
macrophage (left) or else recognized as self and 
released (right). Blood was sampled periodically 
in the experiment (50 ul), and flow cytometry 
analysis yields the bead or cell ratio in each mouse 
at each time point. The cocrystal structure shows 
hCD47 with the Self peptide binding hSIRPa. (B) 
Competitive circulation experiment in which 
mRBCs from NSG mice were either blocked with 
anti-CD47 or not and were also opsonized with 
excess mRBC-specific antibody before cells were 
mixed together and injected into the tail vein. Both 


color cell types are cleared with clearance constants ~A or B (A > B), and the ratio of exponentials gives 
the persistence ratio doubling time T (n = 3 mice; R* = 0.93 for fit of means with indicated 7). (C) 
Circulation experiments used 160-nm polystyrene beads with covalently attached streptavidin 
incubated with biotinylated versions of one of the following: synthetic Self peptide (n = 4; R* = 0.94 
for fit of means); recombinant hCD47 (n = 6; R* = 0.92 for fit of means); or negative controls of either 
Scrambled peptide (n = 3) or PEG (n = 5). Nanobeads were also opsonized with streptavidin-specific 
antibody, and then 10’ were injected. Flow cytometry quantification was typically done on 100 to 10,000 particles at each time point and typically included 
quantification of both hCD47 and opsonin on the nanobeads. For hCD47 and Self peptide, a separate fit for each mouse gives the indicated mean 7 + SEM for 
each group, which is within 10% of the 7 obtained from fitting the group averages (dashed curves). Most data points for hCD47 and Self peptide differ 
significantly from PEG-nanobeads (*P < 0.05). All data are means + SEM. 


Fig. 2. Self peptide and hCD47 enhance 
tumor imaging by near-infrared particles. 
(A) NSG mice with flank tumors of A549 
lung—derived cells (black circles) received 
tail vein injections of nanobead mixtures in 
which one bead type is labeled with DiR 
fluorophore. Images of live mice and cali- 
bration standards were taken with a Xenogen 
imager. Tumor-bearing mice have persist- 
ence ratios of particles in blood at 35 min, 
similar to results in Fig. 1C, even though 
many particles are seen in spleen and liver. 
(B) The tumor was located by bright-field 
imaging, and total fluorescence was quan- 
tified at each time point. All results for Self 
peptide and hCD47 were combined in the 
fit. N, Number of tumors from three differ- 
ent sets of tumor-bearing mice. All data are 
means + SEM. 
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site Self peptide could provide key evidence that 
signaling to mouse SIRPoa (mSIRPq) is part of 
the molecular mechanism for inhibiting clear- 
ance in vivo. A crystal structure of hCD47-hSIRPa 
suggests three distinct binding sites (22), but 
the highest density of interactions are in one 
loop in hCD47 between canonical B strands F 
and G, where a nine—amino acid sequence con- 
stitutes 40% of hCD47’s contacting residues 
(Fig. 1A, structure). We designed by simulation a 
21-amino acid Self peptide around this sequence 
with the aims of minimizing species specificity 
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(13) and eliminating glycosylation of CD47, 
which impedes binding (23). Biotinylation on an 
amino-terminal PEG linker provided a means 
of attachment to streptavidin beads for in vivo 
studies. Relative to control nanobeads, the Self 
peptide increased the persistence of beads in 
the circulation with a mean doubling time, 7, of 
20 + 3 min, whereas Scrambled peptide (see sup- 
plementary materials) had little impact on cir- 
culation (Fig. 1C). An apparent difference in 
persistence in the circulation between Self pep- 
tide and hCD47 is not significant (P = 0.18). 
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Fig. 3. Persistence of hCD47 and Self nanobeads depends on hCD47 density, consistent with low-affinity 
binding to NSG mSIRP« relative to hSIRPo variants. (A) The number of hCD47 molecules on the 160-nm 
beads 35 min after injection was either measured in two-color experiments (solid symbols; n = 7 mice) or 
single-color experiments (open symbols; n = 6 mice), with an average of 30% protein lost in circulation 
(inset). Self peptide levels are estimated to have a similar loss (n = 4 mice). Fluorescent nanobeads 
(PKH26* in flow cytometry, top) were confirmed by forward and/or side scatter, and fluorescent hCD47- 
specific antibody measured hCD47 levels (left, control nanobead sample; right, hCD47 nanobead sample). 
The inhibition curve gives K; = 110 molecules/nanobead. (B) Affinity of soluble hCD47 for NSG neutrophils 
and monocytes, from flow cytometry analysis of Cy5-biotin—specific antibody. Lymphocytes are negative for 
SIRPo. and do not bind soluble hCD47. (Inset) Preinjection of blocking anti-mSIRPa eliminates the 
enhanced circulation of Self nanobeads of Fig. 1C. After 35 min, most splenic macrophages (Mq: F4/80 
antibody+) have mSIRPo. antibody on their surface (n = 4 mice). (C) Ten reported variants of hSIRPa's 
N-terminal domain (24) were displayed on CHO cells to determine effective Ky values for soluble hCD47; 
soluble hSIRPo. binding to hCD47 beads showed the same trend (fig. S7E). The putative allele frequency 
(14) is highest at intermediate Ky, whereas the affinity of hCD47 for mSIRPa on NSG phagocytes (blue 
square) is weaker and that of Self peptide for hSIRPa(v1) is stronger (green diamond). The Lorentzian fit is 
inspired by other mechanobiological signaling processes and has the form: y = 1 + 0.05x17/(0,50"* + x74)*, 
R? = 0.85. (D) Binding of peptides on beads to soluble hSIRPc: (v1) was assayed by flow cytometry. Neither 
the Self-SS peptide with a T107C substitution nor the Scrambled peptide bind hSIRPc.. The assays in (iii) use 
soluble peptides and show the 10—amino acid Self hairpin centered on the loop is a partial inhibitor. Bar 
graph insets in (i and i7) show in vitro phagocytosis assay results with the human THP1 cell line, which 
demonstrates that only the Self peptide (attached to biotin via either PEG or C6, 6-aminohexanoic acid) 
significantly inhibits phagocytic uptake (*P < 0.05 different from control). All data are means + SEM. 
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Prolonged circulation of hCD47 beads and Self 
beads is based on a delay of phagocytic clearance 
by the spleen and perhaps liver, but nanobeads 
localize nonetheless to these organs in whole-body 
imaging of near-infrared fluorescent (NIRF) beads 
(Fig. 2A and fig. $3, A to D) by interactions that are 
likely similar to those that promote RBC adhesion 
in spleen and greatly increase splenic hematocrit 
(24). Recombinant mCD47 also enhanced persist- 
ence in circulation and again showed moderate but 
suppressed splenic localization (fig. S3B). For ad- 
ditional insight into persistent circulation and po- 
tential therapeutic application of Self-nanoparticles, 
human-derived A549 lung adenocarcinoma epi- 
thelial cells were grafted into the flanks of NSG 
mice, NIRF nanobeads were injected into the tail 
veins weeks later, and the tumors were imaged both 
in vivo and ex vivo to quantify accumulated sig- 
nal. As early as 10 min post injection, hCD47 and 
Self nanobeads gave mean tumor intensities twice 
those of noninjected mice, whereas control beads 
gave background-level signal (Fig. 2B). With hCD47 
and Self nanobeads, the fluorescence at every time 
point is statistically similar but significantly higher 
than that of control beads (P < 0.05), and the in- 
crease fits first-order kinetics (t = 52 min), con- 
sistent with enhanced perfusion and progressive 
clearance. At 40 min, both hCD47 and Self nano- 
beads give higher signals than controls, ~10 to 
20 times as much, and a second injection of hCD47 
nanobeads after 2 hours showed a similar signal 
increase (fig. S4, A and B). Tumor accumulation 
fits a first-order process (with t = 52 min giving T= 
t In 2 = 36 min) that is much faster than control 
beads (7 = 210 min), and both time scales are sim- 
ilar to those obtained for persistent circulation (Fig. 
1C), consistent with the hypothesis that enhanced 
tumor signal results from persistent circulation. 

After in situ imaging, tumors and other major 
organs were subsequently excised and imaged ex 
vivo (fig. S4C). The Self beads and hCD47 beads 
show at least 16- to 22-fold enhancement of the 
very low signals obtained with control beads ei- 
ther with or without Scrambled peptide, with no 
statistical difference between Self peptide and 
hCD47. The fraction of nanobeads in the blood 
within the tumor is small (fig. S4C, inset), and so 
the majority of signal derives from beads that have 
accumulated in the tumor, most likely by enhanced 
permeation and retention (EPR) through the leaky 
vasculature that is characteristic of many solid tu- 
mors (25). On the basis of these results, the hy- 
drophobic anticancer drug paclitaxel (Tax) was 
loaded into the Self nanobeads, as well as into 
beads with PEG and/or antibody against hCD47 
(fig. S5, A and B). The latter antibodies have been 
used therapeutically to mask self on cancer cells 
(26), but targeting antibodies are a double-edged 
sword when attached to beads, because they also 
promote clearance (fig. S1D). Tax-loaded beads 
that displayed either recombinant hCD47 (fig. SSC) 
or Self-peptide plus PEG and hCD47-targeting 
antibody (fig. SSD) consistently shrank tumors 
more than beads lacking Self. The Self beads also 
did as well or better than the standard paclitaxel 
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nanocarrier Cremophore, which is known for 
its toxic side effects (e.g., fig. S5, E and F). The 
NSG mouse results thus reveal active suppres- 
sion of clearance by both hCD47 and Self pep- 
tide, which could enhance both tumor imaging 
and drug delivery. 

Flow cytometry enables detailed analysis of 
the surface of nanobeads sampled from circula- 
tion. Although streptavidin-specific IgG remains 
stably bound, biotinylated hCD47 is partially 
lost (30% in Fig. 3A, inset bar graph; fig. S6A). 
Nonetheless, the percentage clearance of nano- 
beads at 35 min versus the measured density of 
hCD47 at 35 min fits an inhibition model (Fig. 3A) 
with the inhibition constant Kj,in-vivo Of 110 mol- 
ecules per 160-nm nanobead. This appears inde- 
pendent of circulating bead number over at least a 
~10-fold range (fig. SOB). This Kjin-vivo Corre- 
sponds to a density of hCD47 that is 10 times that 
of the lowest densities reported for hRBCs [~25 
hCD47 molecules/1um? (/2)] but ~1/100th of nano- 
bead saturation (e.g., fig. S2A). Although binding 
of soluble hCD47 to NSG-SIRPo” phagocytes 
yields a weak affinity (Ky = 4 1M) (Fig. 3B), lym- 
phocytes, which do not express SIRPo: (27), show 
zero binding. In vivo evidence of interaction spec- 
ificity was also obtained by preinjecting mSIRPo- 
specific antibody, which blocks hCD47 binding, 
followed by injection of Self nanobeads; these beads 
were cleared as if lacking Self (Fig. 3B, inset). 
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To compare the effective affinity of NSG mouse 
to human SIRPa (hSIRPa), 10 human polymorphic 
variants of hSIRPa (/4) were expressed on Chi- 
nese hamster ovary (CHO) cell membranes (24). 
Saturation binding of soluble hCD47 to each var- 
iant yielded a 60-fold range of affinities with Kg = 
0.08 to 5 uM (Fig. 3C and fig. S7), even though 
all of the amino acid differences in the variants are 
outside of the binding interface (22). When plotted 
against the allele frequency of hSIRPo, variants 
of intermediate affinity (e.g., vl and v2) are most 
common, with affinities similar to that for soluble 
SIRPa(v1) binding to CHO-displayed hCD47 (23). 
hCD47’s affinity for NSG-SIRPa. phagocytes is with- 
in the range of reported hSIRPa variants and so is 
the affinity of Self peptide for the most common 
SIRPa variant. Synthesis and simulations of addi- 
tional peptides (Fig. 3D and fig. S8) reveal a sensi- 
tivity of binding to conformation, as well as sequence, 
and show that a lack of affinity for hSIRPo is pre- 
dictive of a failure to inhibit in vitro phagocytosis. 

Whether phagocytosis of nanoparticles— 
including viruses—involves mechanisms similar 
to those for larger particles remains an open ques- 
tion (28). Tissue sections show that nanobeads 
colocalize with macrophages (Fig. 4A, i). In cul- 
tures of human-derived monocytic cell line THP1 
macrophages, nanoparticles are not dense enough 
to settle and contact cells, but opsonized nano- 
beads that are added at the same total surface area 


jo + x) 
‘ Nanobead 
\ | ‘Self’ peptide 


. y=1/x R2=0.97 


in vivo Persistence Ratio at 35 min 
o 


0.2 0.4 0.6 08 
in vitro Phagocytosis Index at 45 min 
(Nanobead Uptake per Macrophage) 


Fig. 4. Phagocytosis of nanobeads is efficient 
and recruits myosin-ll, unless CD47 or Self pep- 
tide bind SIRPo and signal inhibition through 


SHP1. (A) Nanobead uptake in NSG mice and in vitro with 
human-derived THP1 macrophages. (/) Splenic macro- 
phages colocalize with nanoparticles in situ. Spleens har- 
vested after 35 to 40 min were frozen, sectioned, fixed, 
and permeabilized for immunostaining green for macro- 
phages (Md) and red with a secondary antibody against 
streptavidin-coated opsonized beads [goat antirabbit F(ab’)2]. 
Nuclei are stained blue with Hoechst dye. (ii) Phagocytosis 


of fluorescent 100-nm beads (red) by THP1 cells in vitro 
was assessed at 45 min by immunostaining cultures that were fixed (but not cell permeabilized) for noningested 
beads by using secondary antibody against antistreptavidin. Nonmuscle myosin-lIA (a, bottom) enriches near the 
nanoparticle unless hCD47 is on the bead (b, plot). Enrichment extends deeply into the cytoplasm (~5 um) 
relative to bead size, suggestive of a diffuse signal that directs cytoskeletal assembly. Nanobeads with 
antistreptavidin are readily engulfed at about 1 bead per cell (c), but uptake is inhibited by hCD47 and by 
inhibition of myosin-IIA with blebbistatin (50 uM). Inhibition of SHP1, downstream of SIRPo,, with NSC-87877 
blocks the inhibition of uptake by hCD47. Dimethyl sulfoxide (DMSO) is the solvent for the drugs. (B) 
Phosphorylation of hSIRPo: tyrosines in THP1 cells upon contact with opsonized nanobeads bearing hCD47 and 
Self peptide. hSIRPo. was immunoprecipitated from cell lysates, and phosphotyrosine was immunoblotted for 
quantification (n = 3; *P < 0.05). (C) Inverse correlation between in vivo persistence ratio at 35 min and in vitro 
inhibition of phagocytosis by hCD47 and Self peptide at 45 min for 160-nm beads. All data are means + SEM. 


as microbeads (fig. S9A) are taken up with equal 
efficiency (Fig. 4A, ii, a). Myosin-II accumulates 
at the phagocytic synapse formed with opsonized 
beads except when hCD47 is attached (Fig. 4A, 
ii, a and b). Microparticles and microbes (1.e., 
bacteria) give similar images (fig. S9B), and in- 
hibition of phagocytic uptake by hCD47 is in- 
deed independent of particle size from at least 
100 nm to 10 um (Fig. 4A, ii, c; and fig. S9C). 
Similar inhibition of nanobead uptake was found 
with biotinylated Self peptides, whereas both 
Scrambled peptide and disulfide-bridged peptide 
(Self-SS) showed no significant inhibition of up- 
take (Fig. 3D, i and ii). The potency of hCD47 
is remarkable with K; in-vitro ~ 1.0 + 0.3 molecule 
per 45,000 nm, Equivalently, a nanoparticle of 
60-nm radius requires only one CD47 molecule 
to inhibit uptake. Kj in-vitro is the same as the 
lowest densities reported for hRBCs (/2) and is 
far smaller than PEG densities needed to enhance 
nanoparticle circulation through delayed opson- 
ization (e.g., fig. S2ZA: >1 PEG per 20 nm”). 

IgG-driven uptake is linear in myosin-II ac- 
tivity (16). With the nanobeads described here, 
both drug inhibition of myosin-II and hCD47 
inhibit uptake by up to 80% (Fig. 4A, ii, c). When 
CD47 binds SIRPo, SIRPa’s cytoplasmic tail is 
hyperphosphorylated to activate SHP1 phospha- 
tase (29), which dephosphorylates multiple pro- 
teins, including myosin-II (/6). Inhibition of SHP1 
produces the expected increase in phagocytosis 
of hCD47 beads (Fig. 4A, ii, c; and fig. S9D), and 
binding of hCD47 and Self peptide indeed in- 
creases phospho-SIRPa (Fig. 4B). Consistent with 
a common mechanism in vitro and in vivo, up- 
take of the various nanoparticles by THP1 cells 
correlates inversely with persistence in NSG mice 
(Fig. 4C). 

Phagocytes pervade all tissues and disease 
sites, with key roles in recognition and clearance, as 
well as contributions to pro- and anti-inflammatory 
responses with cytokine release and oxidative burst. 
Whether synthetic Self peptides, CD47, or its homo- 
logs are displayed on particles, viruses (30), or ar- 
tificial surfaces (3/), “active stealth” signaling across 
length scales (fig. S10) offers additional opportu- 
nities in application as well as understanding. In 
particular, the SIRPo polymorphism results sug- 
gest that an intermediate affinity for Self is op- 
timal (Fig. 3C) as a trade-off between adhesion 
that is not too strong (“must let go”) and signaling 
that is not too weak (“don’t eat me’’). Additional 
homeostatic self factors seem likely and might 
similarly be used to further avoid phagocytes and 
thereby enhance delivery of therapeutics and im- 
aging agents. 
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Caspase-11 Protects Against Bacteria 
That Escape the Vacuole 
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Caspases are either apoptotic or inflammatory. Among inflammatory caspases, caspase-1 and -11 
trigger pyroptosis, a form of programmed cell death. Whereas both can be detrimental in inflammatory 
disease, only caspase-1 has an established protective role during infection. Here, we report that 
caspase-11 is required for innate immunity to cytosolic, but not vacuolar, bacteria. Although 
Salmonella typhimurium and Legionella pneumophila normally reside in the vacuole, specific mutants 
(sifA and sdhA, respectively) aberrantly enter the cytosol. These mutants triggered caspase-11, which 
enhanced clearance of S. typhimurium sifA in vivo. This response did not require NLRP3, NLRC4, or 
ASC inflammasome pathways. Burkholderia species that naturally invade the cytosol also triggered 
caspase-11, which protected mice from lethal challenge with B. thailandensis and B. pseudomallei. 
Thus, caspase-11 is critical for surviving exposure to ubiquitous environmental pathogens. 


anonical inflammasomes, such as NLRP3, 
( NLRC4, and AIM2, are cytosolic sensors 

that detect pathogens or danger signals 
and activate caspase-1, which leads to secretion of 
the proinflammatory cytokines interleukin-1f (IL-1B) 
and IL-18 and pyroptosis, a form of programmed 
cell death (/). Pyrin domain-containing inflam- 
masomes, including NLRP3, signal through the 
ASC adaptor protein to recruit caspase-1 (fig. S1). 
Many diverse agonists cause cytosolic pertur- 
bations that are detected through NLRP3; how- 
ever, the underlying mechanisms remain obscure 
(2). In contrast, the CARD domain-containing 
inflammasome NLRC4 can signal directly to 
caspase-1, which results in pyroptosis, as well as 
indirectly through ASC to promote IL-1 and IL- 
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18 secretion (fig. S1) (7, 3). NLRC4 detects bac- 
terial flagellin and type III secretion system (T3SS) 
rod or needle components within the macrophage 
cytosol (4-6). Together, NLRC4- and the ASC- 
dependent inflammasomes account for all known 
canonical caspase-| activation pathways. 
Burkholderia pseudomallei is a Gram-negative 
bacterium endemic to Southeast Asia that causes 
melioidosis and is a potential biologic weapon 
(7). B. pseudomallei uses a T3SS to escape the 
phagosome and to replicate in the cytosol. NLRC4 
and NLRP3 both detect B. pseudomallei, which pro- 
motes IL-1 secretion from murine bone marrow— 
derived macrophages (BMMs) (8) (Fig. 1A). Despite 
encoding many of the same virulence factors as 
B. pseudomallei, including T3SS and T6SS, the 
closely related B. thailandensis is far less virulent 
(9). We therefore hypothesized that NLPR3 and 
NLRC4 also detect B. thailandensis, and indeed, 
NLRP3 and NLRC4 accounted for all IL-1 se- 
cretion in response to B. thailandensis (Fig. 1B). We 
next determined whether inflammasome activa- 
tion is critical to survival after B. thailandensis chal- 
lenge using caspase-|—deficient mice. Kayagaki et al. 
recently showed that all existing caspase-1— 
deficient mice also lack caspase-11 because of the 
backcrossing of a mutant Casp// allele from 129 
into C57BL/6 mice (/0). Inflammasome detec- 
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tion was critical for resistance to B. thailandensis, 
as Casp1* Casp1I~ animals succumbed to the 
infection (Fig. 1C and fig. S2A). In contrast, wild- 
type C57BL/6 mice survived high-dose intra- 
peritoneal (i.p.) or intranasal (i.n.) challenge (Fig. 
1C and fig. S2A). To our surprise, Nirc4~ Asc 
mice that are deficient in all known canonical 
inflammasomes were also resistant (Fig. 1D and 
fig. S2B). This indicated that an unknown sig- 
naling pathway provides protection via either 
caspase-| or -11 (see pathway schematic in fig. $1). 
Resistance to B. thailandensis was at least partially 
independent of IL-1B and IL-18, depending on 
the route of infection (Fig. 1E and fig. S2C), which 
suggested that both cytokines and pyroptosis can 
contribute to protection. We therefore examined 
pyroptosis in vitro and found that cytotoxicity in 
response to B. thailandensis was impaired in 
Casp!* Casp1I* BMMs (Fig. 1F). Consistent with 
our in vivo data, pyroptosis in vitro did not require 
Nirc4 or Asc (Fig. 1F). B. pseudomallei similarly 
triggered pyroptosis in Nirc4” Asc’ macrophages 
(Fig. 1G). These results indicate that a pyroptosis- 
inducing pathway distinct from all known canon- 
ical inflammasomes detects B. thailandensis and 
protects against lethal infection. 

Inflammasomes discriminate pathogens from 
nonpathogens by detecting contamination or per- 
turbation of the cytosolic compartment (//). The 
B. thailandensis T3SS facilitates bacterial access 
to the cytosol and was required for induction of 
pyroptosis, whereas the virulence-associated T6SS 
was dispensable (Fig. 2A). We therefore hypoth- 
esized that macrophages detect vacuolar lysis or 
release of bacteria into the cytosol. 

In order to establish their intracellular vacu- 
olar growth niche, Salmonella typhimurium and 
Legionella pneumophila use T3SS and T4SS, re- 
spectively, to translocate effector proteins that 
work in concert to maintain the stability of these 
altered, bacteria-containing vacuoles (/2—/4). Loss 
of the S. typhimurium SifA or L. pneumophila 
SdhA effectors causes rupture of the vacuole 
and release of bacteria into the cytosol (/5—/7). 
S. typhimurium uses two distinct T3SSs encoded by 
the Salmonella pathogenicity island 1 (SPIL) and 
SPI2; these two T3SSs translocate distinct batteries 
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of effectors, such as SifA by SPI2 (/8). Although 
S. typhimurium-expressing SPI1 and flagellin 
are readily detected by NLRC4 (19, 20), bacteria 
grown under conditions that mimic the vacuolar en- 
vironment express SPI2 and repress flagellin, which 
minimizes canonical inflammasome detection 
C, 11, 21). Infection of BMMs with S. gyphimurium 
that lacked sif4, however, significantly increased 
IL-1 secretion and pyroptosis (Fig. 2, B and C). 
IL-1B secretion was dependent on canonical inflam- 
masomes (Fig. 2B), whereas pyroptosis was still 
observed in Nirc4Asc” and Nirp3~Nirc4~ 
macrophages (Fig. 2C). Furthermore, the NLRC4 
inflammasome agonist flagellin was not required 
for these responses (Fig. 2, D and E). Thus, macro- 
phages detect S. typhimurium when it aberrantly 
enters the cytosol and activates pyroptosis indepen- 
dently of all known canonical inflammasomes. 

L. pneumophila also translocates flagellin 
through its T4SS. Thus, LZ. pneumophila mutants 
lacking flagellin (AflaA) evaded NLRC4 detec- 
tion (Fig. 2F) (2). In contrast, L. pneumophila 
AflaA AsdhA mutants induce caspase-| activation 
(16, 17), IL-1B secretion (/ 7), and pyroptosis (Fig. 
2F) (17). The AIM2-ASC canonical inflammasome 
has been implicated in LZ. pneumophila AflaA 
AsdhA-induced IL-1 secretion, likely by detect- 
ing DNA released from bacteria lysing in the cy- 
tosol; however, the role of AIM2-ASC in pyroptosis 
was not examined (/7). Analogous to S: typhimurium 
AsifA, L. pneumophila AflaA AsdhA induced 
pyroptosis in the absence of flagellin and ASC (Fig. 
2G), which rules out all canonical inflammasomes 
in triggering pyroptosis under these infection con- 
ditions. These data demonstrate that diverse bac- 
teria are detected in the cytosol. 
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Because IL-1f secretion required the canon- 
ical inflammasomes, whereas pyroptosis did not, 
we hypothesized that cell death is triggered by a 
distinct mechanism mediated by caspase-11. Like 
caspase-1, caspase-11 is an inflammatory caspase 
that can directly trigger pyroptosis (fig. S1). Caspase- 
11 can also promote IL-IB secretion dependent 
upon NLRP3, ASC, and caspase-1 (/0, 22-24). 
Because caspase-| is activated by recruitment to 
an oligomerized platform known as the inflamma- 
some, Kayagaki et al. hypothesized that a similar 
oligomeric structure would activate caspase-11, 
which they termed the noncanonical inflammasome 
(0). Although the cholera toxin B subunit and 
many different Gram-negative bacteria can trigger 
caspase-11 activation in vitro (10, 22-24), the na- 
ture of the physiologic stimulus that activates 
caspase-11 during infection remains uncertain. 

Caspase-1 1 activation requires priming through 
a Toll-like receptor 4 (TLR4)-TRIF-STAT1 
pathway (/0, 22-24) (TRIF is a TLR adaptor 
protein; STAT | is an interferon receptor signaling 
protein). Consistent with this, Tira and Trif 
macrophages did not undergo pyroptosis after S. 
typhimurium AsifA infection, whereas cell death 
was observed in macrophages deficient in the other 
TLR4 adaptor, Myd88 (Fig. 3A). This dependence 
could be overcome by priming the macrophages 
with interferon-y (IFN-y) (Fig. 3A), which signals 
through STAT1. IFN-y or lipopolysaccharide 
(LPS) priming significantly increased the sensitivity 
of macrophages to S. typhimurium AsifA (Fig. 3A 
and fig. S3A). These priming effects correlated with 
increased caspase-11 expression (fig. S3, B and 
C) but could also be mediated by enhancing ab- 
errant vacuolar rupture. We used retroviruses to 
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complement Casp/~* Casp1I~~ macrophages with 
either Casp/ or Casp11 to determine which was 
involved. Caspase-11 alone promoted pyroptosis 
without IL-1B secretion after B. thailandensis in- 
fection, whereas caspase-| enabled both responses 
(Fig. 3B). This is consistent with B. thailandensis 
detection through NLRC4- and/or NLRP3-activating 
caspase-1 (8) and an additional pathway activat- 
ing caspase-11. In contrast, the responses to S. 
typhimurium AsifA or L. pneumophila AflaA AsdhA 
acted through caspase-11 but not caspase-1 (Fig. 3, 
C and D). We further confirmed that caspase-11 
was responsible for the cell death observed in 
Nirc4“Asc~ macrophages, using microRNA- 
adapted short hairpin RNA (shRNAmir) (Fig. 3, E 
and F, and fig. S3E). Finally, Casp/I-~” BMMs re- 
vealed that caspase-11 was required for pyroptosis 
after B. thailandensis, S. typhimurium AsifA, and 
L. pneumophila AflaA AsdhA (Fig. 3, G to I). Al- 
though a previous report suggested that NLRC4 
signals through caspase-11 to alter phagosomal 
trafficking (25), we saw no evidence that NURC4 
contributes to caspase-1 1—dependent cell death (Figs. 
IF and 2D and fig. S4). Pyroptosis initiated by 
caspase-11 was morphologically similar to pyroptosis 
triggered by caspase-1 (fig. S5, A and B). There- 
fore, macrophages activate caspase-11 in response 
to cytosolic B. thailandensis, S. typhimurium, or 
L. pneumophila (fig. $1). 

S. typhimurium AsifA is attenuated (15), which 
has previously been attributed to the role of SifA 
in coordinating intracellular trafficking of the 
Salmonella-containing vacuole. We hypothesized 
that this attenuation was actually due to innate 
immune detection though caspase-11. Indeed, 
S. typhimurium AsifA was mildly attenuated in 


D 


B. thailandensis 


-@ Nirc4-'“Asc/~ 


= i esis ' -& Caspt/- Casp117/- 
s i 
soca 
s i oe 
a | vanes m 
10 20 30 
Days p.i. 


Fig. 1. Burkholderia detection and protec- 
tion conferred by Casp1/11 is independent 
of all known canonical inflammasomes. 
LPS-primed BMMs were infected with 
B. pseudomallei (A and G) or B. thailandensis 
(B and F) for 4 hours. (A and B) IL-1B se- 
cretion was determined by enzyme-linked 
immunosorbent assay (ELISA), or (F and G) 
cytotoxicity was determined by lactate 
dehydrogenase (LDH) release assay. (C, 
D, and E) Survival curves of wild-type 
C57BL/6 or the indicated knockout mice 
infected with 2 x 10’ colony-forming units 
(cfu) i.p. with B. thailandensis. Days p.i., 
days postinfection. Data are representa- 
tive of at least three (A), (B), (F), and (G) 


or of two (D) and (E) experiments. (C) Data are pooled from three experiments. For number of mice in each panel, see table S2. Statistically significant differences 
with respect to controls are indicated (Student's f test or log-rank test for survival; *P < 0.05). 
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C57BL/6 mice as expected, but this was not rep- 
licated in CaspI Casp1I~ mice (Fig. 4, A and 
B). We next determined the relative clearance 
of S. typhimurium AsifA during co-infection with 
wild-type S. typhimurium, a more quantitative 
measure of virulence than lethal challenge. We re- 
covered 16 times as much wild-type S. typhimurium 
as S. typhimurium AsifA from C57BL/6 mice; 


however, from Casp1I~ mice, we only recov- 
ered four times as many wild-type bacteria 
(Fig. 4C). This indicates that caspase-11 clears 
S. typhimurium AsifA in vivo; in contrast, wild-type 
S. typhimurium effectively evades caspase-11 
(23) by remaining within the vacuole. The re- 
maining S. typhimurium AsifA attenuation like- 
ly reflects the role of sifA as a virulence factor 
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promoting intracellular replication. Moreover, 
all known canonical inflammasomes were dis- 
pensable for S. typhimurium AsifA clearance, as 
were IL-1 and IL-18 (Fig. 4D), which implicated 
pyroptosis as the mechanism of clearance. Clear- 
ance of bacteria after pyroptosis is mediated by 
neutrophils through generation of reactive oxy- 
gen (2/). Consistent with this, NADPH oxidase— 
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Fig. 2. Diverse cytosolic bacteria activate pyroptosis independent of F 80 ; 
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LDH release and IL-1 secretion by ELISA. Data are representative of at 
least three experiments. Statistically significant differences with respect to controls are indicated (Student's t test; *P < 0.05; n.s., P > 0.05). 
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with S. typhimurium AsifA (8 hours), L. pneumophila AflaA AsdhA (4 hours), or 
B. thailandensis (4 hours). (A) C57BL/6, Casp1~ Casp11~ , Tlr4~, Trif~, and 
Myd88~ BMMs infected with S. typhimurium AsifA with or without IFN-y priming 
before infection. (B and C) Retroviral transduction was used to complement Casp1 or 
Casp11 in Casp1* Casp11~ immortalized BMMs. Macrophages were primed with 
LPS (B) or IFN-y (C), and responses to B. thailandensis (B) or S. typhimurium A AsifA(O 
infection were examined. (D) Control or complemented Casp1~ Casp11~ BMMs 
infected with L. pneumophila AflaA AsdhA. (E and F) Retroviral transduction was 


used to introduce control or Casp11-targeting of shRNAmir into Mirc4~Asc™ 
immortalized BMMs. Macrophages were primed overnight with LPS (E) or IFN-y (F) 
and then infected as indicated. (G to I) C57BL/6, Casp1~ Casp11~, and Casp11~ 
BMMs infected with B. thailandensis (G), S. typhimurium AsifA (H), or L. pneumophila 
AflaA AsdhA (|). Data are representative of at least three (A to Q), (E), (G), and (H) or 
of two (D), (F), and (I) independent experiments. Statistically significant differences 
with respect to controls are indicated (Student's t test; *P < 0.05). nd, none detected. 
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deficient p47phox” mice were also defective for 
clearance of S. typhimurium AsifA (Fig. 4D). 
However, TLR4 and IFN-y were not required 
(Fig. 4E), which suggests that there is redundant 
priming of caspase-11 pathways in vivo. Therefore, 
caspase-11 protects mice from S. typhimurium 
AsifA, and because IL-18 and IL-18 are not re- 
quired, pyroptosis is likely to be the mechanism 
of bacterial clearance in this case. 

We next examined the susceptibility of 
Casp1I~ mice to the naturally cytosolic patho- 
gens B. thailandensis and B. pseudomallei. Although 
C57BL/6 mice are resistant to B. thailandensis 
infection, Casp/~ mice succumbed (Fig. 4F). Like- 
wise, Casp11~* mice succumbed to B. pseudomallei 
infection, whereas C57BL/6 mice survived (Fig. 
4G). Because Nirc4~ mice are also susceptible 
to B. pseudomallei infection (8), we conclude that 
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both caspase-1 and caspase-11 play critical roles 
in limiting B. pseudomallei infection. 
Collectively, these data demonstrate, for the first 
time, that caspase-11 protects animals from lethal 
infection by bacteria that have the ability to invade 
the cytosol. This could be critical for defense 
against ubiquitous environmental bacteria such as 
B. thailandensis that encode virulence factors but 
that have not evolved to evade caspase-11 detection. 
It will be interesting to determine whether caspase- 
11 is activated in response to the process of vacuolar 
rupture or the presence of bacteria within the cy- 
tosol. Caspase-11 also responds to vacuolar bac- 
teria under delayed kinetics, but such responses 
have not been shown to provide protection from 
infection in vivo (/0, 22-24). LPS-induced septic 
shock is mediated by caspase-11 (70), which sug- 
gests that caspase-11 can be activated by other 
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Fig. 4. Caspase-11 protects against cytosolic bacteria in vivo. (A and B) S. typhimurium or S. typhimurium 
AsifA were injected i.p. into C57BL/6 (1000 cfu) or Casp1~ Casp11~ mice (250 cfu), and survival was 
monitored. (C to E) The indicated mice were infected with 5 x 10° cfu of both wild-type S. typhimurium and 
S. typhimurium AsifA marked with ampicillin or kanamycin resistance, respectively. Bacterial loads from 
three to four mice per genotype were determined 48 hours later, and the competitive index was calculated 
[Cl = log(S. typhimurium AsifA/S. typhimurium)]. A Cl of —1 corresponds to 10 cfu of S. typhimurium for 
every 1 cfu of S. typhimurium AsifA. (F and G) C57BL/6, Casp1* Casp11™, or Casp11 mice were 
infected with (F) 2 x 10’ cfu mouse passaged B. thailandensis i.p. or (G) 100 cfu B. pseudomallei i.n. (A), 
(B), (F), and (G) Data are pooled from two independent experiments. (C to E) Representative of two 
experiments. For the number of mice in each panel, see table $2. Statistically significant differences with 
respect to controls are indicated (Student's t test or log-rank test for survival; *P < 0.05; n.s., P > 0.05). 


mechanisms besides cytosol-localized bacteria. 
Thus, we propose that caspase-11 provides protec- 
tion against pathogens, but is dysregulated during 
overwhelming infection and so contributes to septic 
shock and mortality. It will be interesting to deter- 
mine whether caspase-11 triggers eicosanoid se- 
cretion, as is seen for caspase-1, and whether these 
mediators contribute to septic shock (26). The 
identity of the hypothesized noncanonical inflam- 
masome(s) that activate caspase-11 and the 
precise nature of the activating signal will shed 
more light on the mechanisms by which caspase- 
11 can both promote innate immunity and exa- 
cerbate immunopathology. These insights may lead 
to novel therapies to treat infection and sepsis. 
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up with eight standard positions, and is expandable to 12 positions. New single and multichannel 
1,000 mL pipetting tools offer higher throughput for assays using volumes greater than 200 mL 
and up to 1,000 mL. Method building is simple, and powerful editing features allow specialized 
and one-off applications to be readily addressed. Most pipetting functions are available through 
transfer and combine steps, while the flexibility to fine-tune individual pipetting steps is retained. 
Pipetting templates and liquid-type editors are standard in the software and make adapting pipet- 
ting for any liquid straightforward. An intuitive software interface provides icons for liquid han- 


COLONY GROWTH AND PICKING SYSTEM 

The fully automated RapidPick Automated Colony Isolation System 
(ACIS) reduces the total time required to go from a plated bacteria to 
inoculated wells to bacterial cultures. The RapidPick ACIS brings to- 
gether multiple instruments in a cost-effective and scalable manner. As 
a result, several time-consuming steps have been automated that are 
typically performed manually or offline due to cost, complexity, and 
other considerations. The RapidPick ACIS allows the user to create a 
streamlined process for all the instruments to work together, reducing 
the time required for the process. A unique feature of the RapidPick 
ACIS is the inclusion of an integrated Micro10X dispenser with auto- 
prime and auto-rinse features. The Micro10x will automatically fill the 
plates with fresh media on the fly immediately before inoculation, sav- 
ing the user valuable time. High throughput runs are possible because 
the attached PlateCrane EX robotic arm with stacks is able to store and 
manage multiple microplates in a single run. 

Hudson Robotics 

For info: 973-376-7400 | www.hudsonrobotics.com 


HIGH-CONTENT IMAGING 

Replacing the acumen eX3, the new acumen hci (high-content imag- 
ing) system is the fastest imager on the market for multiplex assays in 
up to 1,536-well plates, and the new open-source image format means 
users have complete flexibility to analyze images on their existing 
analysis software if required. Together with whole-well imaging, these 
features make the acumen hci ideal for identifying “hit” wells in cell- 
based screens. Achieving unparalleled speeds during high throughput 
screening, acumen hci can image and analyze whole wells for 96- to 
1,536-well plates in just eight minutes, at a resolution of 0.5 um/pixel. 
This enables the effective screening of high-density plates and facilitates 
assay miniaturization, increasing throughput and reducing costs. Data is 
robust and insightful even during rapid screening, and up to three lasers 
allow for easy multiplexing using a wide range of fluorescent dyes. The 
new 561 nm laser option offers compatibility with even more dyes, like 
mCherry. 

TTP Labtech 

For info: +44-(0)-1763-262626 | www.ttplabtech.com/acumen 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 
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Max Planck Institute of Immunobiology and Epigenetics 


Max-Planck-Institut fiir Immunbiologie und Epigenetik 


Ay 


We are looking for a 


Postdoctoral Position in Bioinformatics 


The Max Planck Institute of Immunobiology and Epigenetics in Freiburg, 
Germany is offering a Postdoctoral Position in Bioinformatics in the Labo- 
ratory of Chromatin Regulation (Head: Dr. Asifa Akhtar). The position is avail- 
able for an initial two-year appointment with the possibility of extension. 


The MPI in Freiburg is an international research institute at the cross-road 
of Southern Germany, Switzerland and France. The working language is En- 
glish. State-of-the-art infrastructure and service units, including transgenesis, 
mass spectrometry, proteomics, flow cytometry, fly and imaging facilities are 
available. 


Your tasks: The research focus of the Akhtar laboratory includes mechanisms 
underlying chromatin and epigenetic regulation. We are particularly interesed 
in X chromosomal regulation using flies and mouse models employing multi- 
disciplinary approaches such as genetics, biochemistry, functional genomics 
as well as cell biology and structural biology. 


We are looking for enthusiastic, highly-motivated, science-driven and experi- 
enced postdoctoral fellows to join our team to unravel the molecular mech- 
anisms that regulate gene expression. 


Your qualifications: Applicants should have a PhD or equivalent doctoral 
degree with at least 3 years of proven research experience in bioinformatics 
and analyses of genomewide data (ChIPseq, RNA seq). Prior experience work- 
ing in Drosophila or mammalian models is highly encouraged. Candidates 
must have a strong publication record. Furthermore, the ability to work in 
a team, communication skills and experience in the supervision of graduate 
students are an asset. 


Please submit your application, including a statement of research interests, a 
CV and three references to our homepage: http://www.ie-freiburg.mpg.de/jobs 


We offer: Salaries will be according to postdoctoral fellowships of the Max 
Planck Society or TV6D and will commensurate with experience. 


Application deadline: 31.03.2013 


Our institute investigates the molecular basis of the immune response and 
other topics of the developmental biology, such as the origin and differenti- 
ation of the immune cells as well as the development of vertebrate embryo. 
Another main focus of the institute is Epigenetic. This area deals with inher- 
itable traits, which are not caused by changes in the DNA sequence. 


Handicapped applicants with equal qualifications will be given preferential 
treatment. The Max Planck Society seeks to increase the number of women 
in areas, where they are underrepresented, and therefore explicitly encour- 
ages women to apply. A childcare facility is directly attached to the institute. 
If you would like to work in a dedicated team, please convince us now by 
sending us your complete application documents together with your salary 
expectations and your earliest possible date of joining the institute. 


Max Planck Institute of Immunobiology and Epigenetics, Ms Klank 


Have we sparked your interest? Please apply online via the jobmarket at our 
homepage. We are looking forward to getting your complete application doc- 
uments. http://www.ie-freiburg.mpg.de/jobs 
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Advancing Science 
in India 


Science in India is on the move in a big way. The government has 
initiated multibillion dollar investments to kick start research, 
education, and innovation over the next five years. Though 
several challenging issues remain for the country, India’s best and 
brightest expats living in the United States and Europe are being 
enticed back to ‘Mother India’ with the promise of world-class 
research infrastructure and solid funding. By Adarsh Sandhu 


n early 2013, India’s government announced an ambitious science, 

technology, and innovation funding protocol: in the next five years, 

double its investment in science and technology and, by 2020, 

drive India’s output of scientific publications to be among the top 
five nations globally. “The government is going to inject $5 billion into 
science and technology over the next five years,” says C.N.R. Rao, the 
founder of the Jawaharlal Nehru Centre for Advanced Scientif- 
ic Research (JNCASR) and chairman of the Science Advisory Council 
to the Prime Minister. “This doubles the investment to-date from 1% to 
2% of GDP.” This increase in funding is aimed at creating jobs, educat- 
ing technical leaders, and improving the quality of science in this coun- 
try of 1.2 billion people, he notes. 

The announcement is just one of a recent number of nationwide ini- 
tiatives that have been inaugurated as India seeks to improve its global 
scientific reputation. The creation of new institutions and universi- 
ties, opportunities for independent leadership training, and efforts 
to expand translational research and cultivate a culture of technology 
transfer are just a few of the federal components encouraging young 
researchers to set up shop in their homeland. In addition, international 
alliances, between India and organizations in the United States, United 
Kingdom, and other countries, are also making an impact in bolster- 
ing collaboration across borders and building strong scientific capacity 
within the subcontinent. 

But despite these outreach and funding programs, there are still some 
challenges that need to be addressed before scientists in India can stand 
shoulder to shoulder with their counterparts in the West. Recent in- 
frastructure investment programs have successfully produced new fa- 


cilities and institutions all over India, but this has created a shortage of 
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scientists and experts to run and manage 
the new universities and research insti- 
tutes. Specifically, according to university 
administrators, India needs an estimated 
40,000 qualified scientists to fill posi- 
tions currently vacant. However, there 
is insufficient talent within India to take 
up this slack, which is being compounded 
by current labor laws that can sometimes 
make hiring foreign nationals a complex 
and difficult process. (Autonomous insti- 
tutions have provisions for hiring foreign- 
ers, albeit on a non-permanent basis.) 
Nonetheless, both theoretical and trans- 
lational research in India is moving for- 
ward with areas such as nanotechnology, 
energy, and health at the forefront. 


Expanding Facilities and 
Infrastructure 

The Indian Institutes of Technol- 
ogy (IITs) are among India’s most pres- 
tigious academic institutions. These 
autonomous institutes were established 
in the early 1960s, and the government 
has since expanded their number from 
the original five—Kharagpur, Bombay 
(Mumbai), Madras (Chennai), Kanpur, 
and Delhi—to a total of 16. This in- 
crease reflects the government’s new 
policies to give students from a wider 
range of social backgrounds the oppor- 
tunity to study at India’s top-tier univer- 
sities. 

Sudhir Chandra, a professor at the 
Centre for Applied Research in Elec- 
tronics at IIT Delhi, has witnessed 
dramatic changes during continued> 
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National Centre for Biological Sciences 


his 32 years as an academic. “In the early days, the IITs concentrated 
on education,” says Chandra. “Then, a decade or so ago, we started to 
place a greater emphasis on research, Perhaps the most dramatic recent 
change has been that there is no shortage of funding for research.” 

Recent research funding surges have led to the development of high- 
profile projects including the national nanotechnology network, which 
includes the approximately $11 million Nanoscale Research Facility 
(NRF) at IIT Delhi and the $40 million Centre for Nano Science and 
Engineering (CeNSE) at the prestigious Indian Institute of Science 
(IISc) in Bangalore. The nanotechnology facilities were established to 
train experts and provide experimental facilities for scientists across all 
of India. 

In fact, India has done much to magnify its infrastructure. According 
to a January 6, 2013 article in University World News online, in recent 
years the nation has launched five new Indian institutes of science edu- 
cation and research, eight new IITs, 16 new central universities, 10 new 
national institutes of technology, six new research and development 
institutions in biotechnology, and five institutions in other branches in- 
cluding biomimetic materials and solar energy. 

“We are building a new 250-faculty campus with an initial thrust on 
interdisciplinary research in Hyderabad,” says Mustansir Barma, theo- 
retical physicist and director of Tata Institute of Fundamental 
Research (TIFR) in Mumbai, one of India’s oldest and premier basic 
research institutes. The new 200-acre campus will be significantly larger 
than the Mumbai facility. “We have also established the new Internation- 
al Centre for Theoretical Sciences in Bangalore—similar to, but broader 
in scope than, the Isaac Newton Institute for Mathematical Sciences in 
Cambridge, which organizes international research programs in pure 
and applied mathematics.” Although, Barma notes, “finding high-quality 
staff to teach and manage the new centers will be a challenge.” 

In an effort to fill the abundance of new positions, the government 
has established programs to court Indians working abroad back to their 
home country. The Ramalingaswami Re-entry Fellowship, funded by 
the Department of Biotechnology (DBT) under the Ministry of Science 
and Technology (MST), is designed to attract highly skilled research- 
ers working overseas in a variety biotechnology disciplines. Fellows 
can have a Ph.D., M.D., M.Tech, M.VSc, or equivalent degree, and 
are given a stipend, grants, and even a housing allowance. The equally 


competitive Ramanujan Fellowships, supported by the Department of 


Science and Technology (DST), also aims to lure senior scientists and 
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engineers, both originally from India and elsewhere, to the country. 


Increasing Career Opportunities 

With the increases in funding and rapidly expanding institutions, op- 
portunities are becoming more readily available for scientists who want 
to work in India. “We currently have about 300 vacancies for faculty,” 
says Shiban K. Koul, deputy director of strategy and planning at IIT 
Delhi. “Our faculty search committee operates all year round, inter- 
viewing candidates overseas, and when necessary, offering positions on 
the spot—this is unprecedented.” 

However, the choice of recruits for IITs is limited because India’s la- 
bor laws do not allow these institutes to hire foreign nationals for ten- 
ured positions, and the salaries are not as competitive as those in the 
United States and European Union. 

But not all institutions in India encounter these problems. “IISc is the 
first destination for returnees to India,” says Kamanio Chattopadhyay, 
professor of materials engineering. “Our commitment to excellence in 
research, the facilities on campus, and our interdisciplinary approach 
to education are some of the reasons for this.” Indeed, IISc has a unique 
history as a research institute: it was established in 1909 with the sup- 
port of the late industrialist Jamsetji Nusserwanji Tata and the Maharaja 
of Mysore Krishnaraja Wodeyar. 

One challenge that is on the minds of both Indian academics and 
government representatives is the ability to draw and retain talented 
postdocs and other early-career scholars into India’s institutions. Some 
researchers are less than optimistic about finding a solution to attract 
postdocs to India when higher remuneration packages are available in 
the West. “I am finding it very difficult to find well-trained postdocs,” 
confirms Madhusudhan Venkadesan at the National Centre for Bio- 
logical Sciences (NCBS), Bangalore. Although this situation is not 
uncommon in India, certain national, international, “and institutional 
programs may be helping to alleviate this problem,” notes DNA chem- 
ist Yamuna Krishnan at NCBS, who is collaborating with scientists in 
France and Germany with funding from the United Kingdom’s Well- 
come Trust. 

The Council of Scientific and Industrial Research (CSIR)-Nehru Sci- 
ence Postdoctoral Research Fellowship is one such program designed 
to engage younger scientists. This postdoc opportunity secks to identify 
promising young researchers with innovative ideas and provide them 


with training to transition into independent research continued> 
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The Indo-U.S. Science and Technology Forum (IUSSTF), established under an agreement between 
the Governments of India and the United States of America in March 2000, is an autonomous, not for 
profit society and in India, co-funded and co-governed by both the Governments. 


Faculty Fellowship & Student Internship Opportunities 


-US 
Reseach Flush S CH @ LARS el Nag LARS 


Indian Researchers 


http://www.indousstf.org 


I 


984 


nnovations & Opportunities 


Oo 


Featured Participants 


eee eee eee: F 


India 


Additional Resources 


Indian Institute of Science, 
Bangalore 
www.lisc.ernet.in 


Indian Institute of 
Technology, Delhi 
www.iitd.ac.in 


Jawaharlal Nehru Centre 
for Advanced Scientific 
Research (JNCASR) 
www.jncasr.ac.in 


National Centre for 
Biological Sciences (NCBS), 
Bangalore 


Council of Scientific and 
Industrial Research (CSIR) 
rdpp.csir.res.in/csir_acsir 


Department of 
Biotechnology (DBT) 
dbtindia.nic.in/index.asp 


Department of Science and 
Technology (DST) 
www.dst.gov.in 


Indo-U.S. Science and 
Technology Forum (IUSSTF) 
www.indousstf.org 


www.ncbs.res.in Rajiv Gandhi Centre for 
Biotechnology 
Tata Institute of rgcb.res.in 


Fundamental Research, 
Mumbai 
www.tifr.res.in/index.php/en 


Wellcome Trust/DBT India 
Alliance 


www.wellcomedbt.org 
University of Wisconsin- 
Madison (UW) Khorana 
Program 
www.biochem.wisc.edu/ 
faculty/ansari/khorana_ 
program 


careers. The DBT Rapid Grant for Young Investigators and the DST 
Swarnajayanti Fellowships Scheme provide comparable support for 
younger scholars. And the Wellcome Trust/DBT India Alliance, an £80 
million initiative funded equally by the Wellcome Trust and the DBT, 
provides competitive life sciences and biomedical fellowships for post- 
docs and other early-career scientists. Furthermore, numerous univer- 
sities and research centers, such as the NCBS and the Rajiv Gandhi Cen- 
tre for Biotechnology, also have their own in-house fellowship programs 


for postdocs. 


Growing Talent Early 

The new funding may prove fruitful for innovation, but there is a need 
for greater access to education for Indians 
whom are under 25 years old. The government has responded to calls 
for greater educational opportunities for young people from a wider 
spectrum of society, and recently the DST launched the Innovation in 
Science Pursuit for Inspired Research (INSPIRE) program, with the aim 
of attracting students to science and expects to have funded one million 
young scholars by 2014. 

This is just one program that seeks to build research capacity by giv- 
ing students the opportunity to gain vital research-related skills. This is 
important in order to sustain global competitiveness among progres- 
sive nations like China. China, states Rao, currently produces almost 
as many journal articles as the United States, and he believes that the 
country will soon overtake the U.S. He further estimates that China 
graduates some 20,000 Ph.D.s annually. Says Rao, “How can we com- 
pete with this?” 


approximately half of 
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Both theoretical and translational research in India is 
moving forward with areas such as nanotechnology, 


energy, and health at the forefront. 


Policymakers want India to increase the number of top scientific pub- 
lications. “To achieve this we need more high-quality submissions, and 
to achieve that we need more good people,” says Rao. 


” 


One of the challenges to finding “good people” is that many In- 
dian students prefer to major in engineering rather than science, be- 
cause of the promise and prestige of lucrative industrial career op- 
portunities. But India’s leaders recognized the need to motivate 
more youngsters to pursue science careers and hone research skills 
by forming five Indian Institutes of Science Education and Research 
(IISERs) in 2007. Here, faculty members have the freedom to pur- 
sue interdisciplinary projects while engaging their undergraduates 
in research. 

“I watched K. Ganesh [the director of IISER Pune] build IISERs from 
the ground up,” says Aseem Ansari, a professor of biochemistry at the 
University of Wisconsin-Madison (UW) in the United States and 
director of the Khorana Program, a cross-cultural exchange program 
for Indian and American students. “I believe IISERs are going to do for 
science (not just Indian science) what IITs did for technology and engi- 
neering. The first batch of students graduated recently and the impact 
of these ‘research-oriented’ students will be felt in the next five to 10 
years.” 

The Khorana Program is an international consortium also designed to 
enhance research capacity within India and across borders. Jointly sup- 
ported by UW, DBT, and the Indo-U.S. Science and Technology Forum 
(IUSSTF), and launched in 2008, the program grants Indian and Ameri- 
can students the opportunity to pursue research at universities in each 


other’s nations. continued> 
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IEEE Engineering in Medicine and Biology Society 


Advancing Technology for Humanity 


Join our Community! 


Who are we? 

The IEEE Engineering in Medicine and Biology Society (EMBS) is the 
world’s largest international society of biomedical engineers. EMBS pro- 
vides its members with access to the people, practices, information, ideas 
and opinions that are shaping one of the fastest growing fields in science. 


Our Mission 

The IEEE Engineering in Medicine & Biology Society benefits both humanity 

and its members by- 

® advancing medicine and biology through the application of engineer- 
ing sciences and technology 

® promoting the profession of biomedical engineering, fostering profes- 
sional development and recognizing excellence 

® presenting conferences that bring together scientists, engineers and 
physicians from multiple disciplines to disseminate knowledge and 
solve complex problems 
establishing technical standards 

® providing global leadership for the profession 


Enjoy the benefits of an EMB membership 
with the 


“Get to Know Us" product. 


EMBS Publications 


e  |EEE PULSE: A Magazine of the IEEE Engineering in Medi- 
cine and Biology Society 
Transactions on Biomedical Engineering 
Journal of Biomedical and Health Informatics (formerly T- 
ITB) 

@ Transactions on Neural Systems and Rehabilitation Engi- 
neering 
Transactions on Medical Imaging 
Transactions on NanoBioscience 
Transactions on Computational Biology and Bioinformat- 
ics 

¢ Transactions on Biomedical Circuits and Systems 
Reviews on Biomedical Engineering 

e EEE Journal on Translational Engineering in Health & 
Medicine (Launching in 2013) 


EMBS Conferences 


Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC) 

IEEE EMBS Special Topic Conference on Neural Engineering 
(NER) 

International Symposium on Biomedical Imaging (ISBI) 


International Conference on Biomedical Robotics & Bio- 
mechatronics (BIOROB) 

International Conference on Rehabilitation Robotics 
(ICORR) 

Healthcare Innovation (HIC) 

Micro & Nanotechnology in Medicine (MNM) 

Grand Challenges Conference Series (GCBE) 


IEEE EMBS International Conference on Biomedical & 
Health Informatics (BHI) 


IEEE EMBS Point-Of-Care Healthcare Technologies (Held in 
India in January 2013) 


How to Join 


For $55.00** you can experience 
the EMBS Community by trying out 
an EMBS membership for one year! 


You will receive the following: 


Digital Access to IEEE PULSE 

Access to EMBS Electronic Resource, a digital library 

of all EMBS sponsored and co-sponsored publications 

(see listing on side) and EMBS sponsored, co- 

sponsored and technically sponsored conference 

proceedings (over 70,000 documents) 

Join our Community by going to: 
http://www.ieee.org/go/create_web_account 
Create your Web Account 
Click on the cart icon in the top right corner 
Enter code: EMBGETKNOW (all caps) 


IEEE Engineering in Medicine and Biology Society * 445 Hoes Lane, * Piscataway, NJ. 08854 
Email: emb exec@ieee.org * Website: www.embs.org 
**Current IEEE and IEEE EMBS members are not eligible for this product. The offering is good for one year and can not be renewed. 
You will be eligible to apply for EMBS membership after one year. 
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Arindam Ghosh Atmospheric Sciences 


Developing Research Areas 

The new funding policy will advance India’s prowess in a number of 
strategic industries, such as space, energy, and the life sciences as well as 
important research areas in physics, materials science, and atmospheric 
science. Planned missions to Mars and a neutrino observatory will re- 
ceive financial support under the new framework. 

But it is also the new policy’s acknowledgement of the role of in- 
novation in targeted technological industries that is contributing to a 
renewed excitement among India’s scientists. Energy is one of those 
strategic sectors, and many of India’s scientific leaders are leveraging 
the government's interest in it to enhance vital research programs. For 
example, as materials science plays a central role in developing innova- 
tive technologies for the growing energy market, scientists like Arin- 
dam Ghosh at IISc are advancing materials research in graphene for solar 
cells and nanoelectronics. 

India’s scientists are also working with their counterparts in the Unit- 
ed States on a major new Indo-ULS. initiative called the Solar Energy 
Research Institute for India and the United States (SERITUS), funded 
through the U.S.-India Partnership to Advance Clean Energy and ad- 
ministered by IUSSTF. “This is an important project for India,” says 
IISc’s Chattopadhyay, leader of the Indian team. “India needs every drop 
of power we can produce.” 

Affordable health care and medical devices not requiring external 
electrical sources of power for operation are high-priority projects be- 
ing undertaken at the CeNSE at IISc. “India has the largest number of 


people with diabetes in the world,” says Rudra Pratap, chairperson of 


the CeNSE. “We want to use nanoelectronics to produce cheap wireless 
biosensors to monitor this disease in people living in rural India.” 

The Institute of Stem Cell Biology and Regenerative Medicine (in- 
Stem), and Centre for Cellular and Molecular Platforms (C-CAMP) on 
the NCBS campus are at the forefront of life sciences and translational 
medical research. “We offer an excellent environment for engaging in 
fundamental interdisciplinary research and also for early translation,” 
says Satyajit Mayor, dean of NCBS. “We have mechanisms to hire sci- 
entists from anywhere in the world, and in fact many foreigners are 
working at NCBS.” 

NCBS is committed to translational research and recently hired S. 
Ramaswamy, a biophysicist who had been considered for the New 
York University associate dean of research, as the director of C-CAMP. 
“My mission is to find industrial applications for research being 
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conducted at NCBS,” he explains. “We want to encourage our 
researchers to move ideas from discovery to innovation.” To do 
so, NCSB has partnered with industry leaders to accelerate 
commercialization. Recent examples of successful projects include 
an inexpensive kit to test for HIV/AIDS; the licensing of this technol- 
ogy is being negotiated with global companies. 

This emphasis on translational research and technology transfer is 
being amplified throughout the country. The Tata Innovation Fellow- 
ship, a highly competitive scheme instituted by the DBT, recognizes and 
rewards innovative and productive life science researchers. Its specific 
prominence is on interdisciplinary, translational research with a poten- 


tial for technology commercialization. 


Future Challenges 

Both challenges and hope lie ahead for India. Other often neglected but 
important science-related issues to address include establishing univer- 
sity curricula to improve the ability of young students to communicate 
in English, especially technical writing; the introduction of coordinated 
proactive strategies by research institutes to improve the ‘visibility’ of 
their scientists; incentives and financial support for entreprencurial 
scientists to set up companies to commercialize ideas; and changes in 
labor laws to enable universities to hire qualified scientists irrespective 
of nationality. 

The general mood of scientists—both veterans and young return- 
ees—in India is positive. “India needs to build many more ‘innovation 
ecosystems’ like NCBS where there is a lot of intellectual freedom and 
a drive to define the cutting edge at an international level,” notes UW’s 
Ansari. With many institutions now focusing on nurturing research tal- 
ent in undergraduates, “I am optimistic that this will yield the ‘innova- 
tion dividend.” 

And as Indian Prime Minister Manmohan Singh recently said in an 
interview with Science, “One has to be optimistic. (....), unless one is 
optimistic, one is overwhelmed by the dimension of the development 
task that we have to accomplish.” 


Adarsh Sandhu is a freelance science writer based in Tokyo, Japan. 


Alaina G. Levine, a science writer based in Tucson, AZ, contributed to this article. 
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Fellowships 


‘rbiomedical 
research in India 


Early Career Fellowships Intermediate Fellowships 
For postdoctoral scientists to pursue For postdoctoral researchers 
a research project that wouldenable — WiShing to establish their own 


them to launch their independent independent laboratory. 

research career. Margdarshi Fellowships 

Senior Fellowships For established leaders of biomedical 
For those with a proven track record research to relocate to India or 
leading an independent research within India, and nucleate a centre 
project and group to expand their of scientific excellence. 


research programme. 


All Fellowships are long-term; include competitive personal support 
and generous and flexible research funds. 


Please visit our website for upcoming deadlines 


INDIA ALLIANCE 


Find out more at www.wellcomedbt.org 
The Wellcome Trust/DBT India Alliance is a public charitable trust registered in India. 


wysiwyg.co.in 


INDIA'S TOP RANKED RESEARCH & OAM 


IN NOVATI 0 N D R IVEN J N IVERSITY GRADE 'A' ACCREDITED BY NAAC 


Part of India’s Leading Education Group: 100,000 Students * 3,500 Faculty * 5 Universities * 8 International Campuses 


400 PATENTS FILED | 80 GLOBAL 300 FUNDED 2,000 PH.D & 75 RESEARCH 
BY FACULTY IN UNIVERSITIES AS RESEARCH PROJECTS POST-DOCTORAL | CONFERENCES 
THE LAST YEARS RESEARCH PARTNERS | CARRIED OUT BY FACULTY | FELLOWSHIPS ORGANISED 


Established by the Chauhan Family more than THEAMITY FOCUS ON RESEARCH * Faculty working on research projects sponsored by Govt. bodies QMW Wena nian 4 
twenty years ago, the Amity Education Group» Highest number of patents filed in the last years, 7d intemational organizations like Bill & Melinda Gates Foundation, DELHI NCR 
is India’s leading non-profit education group —_ more than any other Indian University, in diverse areas USAID, Leverhulme Trust & German Research Foundation. 

today, offering globally benchmarked education —_of nanotechnology, biotechnology, biosensors, forensic * Honorary Professorship conferred on renowned Nobel 

right from pre-schools to Ph.D. level. Amity today —_science, pharmaceuticals, microbiology, software, [T, Laureate, International Academicians and domain experts ~~. ug GURGAON 
has campuses around the world and aims toadd —_herbals, photo-voltaics, electronics and food-processing from leading institutions in USA, Europe & Asia : oh 

more in 25 countries over the next few years. Recognised by Ministry of Science & Technology, * Hosted and organized 75 major international conferences \o 

Amity, one of the few universities in India to Govt. of India as a Scientific & Industrial Research _ recently on future-focussed areas including Pharmaceuticals, 

offer 240 UG & PG degrees, has brought together © Organisation (SIRO), a unique achievement by any — Medicine, Forensic Sc., Renewable Energy, Mobile Tech... 

some of the most eminent scientists, research Indian University and a reflection of Amity’s unique» State-of-the-art academic environment with 300+ labs 

scholars and corporate leaders from across the _ initiatives in hi-end research across 43 science disciplines and libraries equipped with » JAIPUR 
world, This continuous focus on path-breaking Distinguished faculty and researchers, credited with Over 2 lac books & 17,000 journals Se 
innovations and a globally benchmarked infrastructure authoring over 500 books, publishing 3,600 papers * On-campus Innovation Incubator and a network of 17 virtual 


have resulted in Amity institutes being ranked —_and attending 3,700 international & national seminars —_ incubation centres, to support cutting-edge entrepreneurial Saal 
amongst the top by India’s mostrespected surveys. and workshops ideas in emerging areas of science & technology. 


Amity conducts research & offers UG & PG degree programmes in over 43 disciplines of Science & Technology including: Aerospace | Agriculture | Applied Sc. | Biotech. | Engg: Automobile/ Biomedical/ 
Civil/Computer Sc./Control Systems/Electrical & Electronics/Electronics & Comm./Electronics & Instrumentation/Electronics & Telecomm./Embedded Systems Tech./Information Tech./Laser Tech. & 
Optoelectronics/Mechanical/Mechanical & Automation/Mechatronics/Optoelectronics & Optical Comm./Power Systems/Telecomm. Systems/VLSI/Wireless Comm. | Environment | Food Tech. | 
Forensic Sc. | Geographic Information System and Remote Sensing | Green Tech. | Herbal Research & Studies | Horticulture | Marine Sc. | Medical & Allied Sc. | Microbial Tech. | Nanotech. | Nuclear Sc. & Tech. | 
Pharmacy | Physiotherapy | Post Harvest Tech. & Cold Chain Mgmt. ! Space Sc. | Solar & Alternate Energy | Telecom | Virology & Immunology (For complete programme list, visit www.amity. edu) 


Amity is also India’s only Education Group with International campuses in London, Dubai, Singapore, New York, California, Mauritius, China & Romania and 18 Campuses in India 
Universities or Faculty/Scientists interested in collaboration with Amity may contact at partnerships@amity.edu | Faculty interested in teaching at Amity may contact at globalfaculty@amity.edu 
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India Alliance 
Margdarshi 
Fellowships 


Who 
* are leaders in their area of scientific research 


* have been running an independent 
laboratory for 10 years or more 


* are willing to relocate to a non-profit research 
organization in India and nucleate a cutting edge 
research programme to pursue research in India 


Large and flexible funding for consumables, equipment, 
staff, travel to meetings and collaborative visits 


No age limit. Clinical researchers with substantial 
research experience do not require a PhD to apply 


Sponsored Applications due by 15, May 2013. 


| wellcomet'ust 
INDIA ALLIANCE 


wwwwellcomedbt.org 


margdarshi@wellcomedbt.org 


Images courtesy Wellcome Images 


@& INSTITUTE OF LIFE SCIENCES 


(An Autonomous Institute of the Dept. of 
Biotechnology, Government of India) 


NALCO SQUARE, BHUBANESWAR-751 023 
Advt. No. 2/2013 


FACULTY POSITIONS AVAILABLE IN INDIA 


Institute of Life Sciences, Bhubaneswar is an emerging 
multidisciplinary institute engaged in advanced 
research in biology. The Institute invites applications 
from Indian citizens for core scientific positions. 
Candidates with Ph.D/M.D. Degree and Post- 


Doctoral experience desirous of pursuing a dedicated 
research career in the field of Infectious Disease 
using any or all of the following tools of biology — 
Cell Biology, Immunology, Genomics, Proteomics, 
Nanotechnology, Bioinformatics and Systems Biology 
may send their Curriculum Vitae, list of publications, 
three names of reference(s) and proposed plan of 
research work to the Director, Institute of Life 
Sciences, Nalco Square, Bhubaneswar — 751 023, 
India. Email: ilsindia.recruitment@gmail.com, 
Fax: 0091-674-2300728. 


Please visit www.ils.res.in for details about the 
Institute. 


Defining genomics in India 


We are a next-generation genomics company 
that provides unparalleled R&D environment for 
those who want to define genomics in India 
Since our publication of the first female Indian 
whole genome, our R&D labs have embarked on 


a number of exciting projects Besides 


supporting our internal efforts, our state-of-the- 


art genomics labs support application of next 
generation sequencing technologies to help 
accelerate research in India and abroad. We 
specialize in variation detection, whole genome 


and exome sequencing, transcriptomics (RNA 
seq), Chip-seq,metagenomics and 
bioinformatics analysis. Our NABL accredited 
medical genomics laboratory now has made 
several single gene tests for human disease 
affordable in India, while preparing for the 


application of next-gen sequencing in the clinic. 


oin us for the genomics ride. Candidates 


Offices Come 
India: Kochi & Chennai with MS, PhD or MD/PhD training in oncology, 
USA: Pleasanton, CA genomics, 


and purification, molecular biology are 


bioinformatics, protein expression 


Info@scigenom.com 


www.scigenom.com 


encouraged to apply to hr@scigenom.com 


A proud sponsor of NGS conferences in INDIA 
Next NGS conference in Nov 2013 at New Delhi, India. 
More information at www.scigenomconferences.com 


Announcing Exceptional Opportunities for Faculty Positions 
in Indian Universities 


University Grants Commission of India invites applications from outstanding highly motivated individuals, with demonstrated flair for research and 
teaching, for positions of Assistant Professor, Associate Professor and Professor in areas of basic sciences, i.e. Physics, Mathematics, Chemistry, Biol- 
ogy and Engineering and Earth Sciences. 


These positions have been created as part of a new initiative designed to augment faculty resources in Indian Universities. The intent is to induct exceptional 
candidates with notable record of research in interdisciplinary/frontier areas of science, who will spearhead internationally competitive programmes along 
with their teaching responsibilities. 


Initial appointments at each level shall be for a period of 5 years, extendible through peer evaluation by successive 5-year terms. There is provision for 
elevation to next higher rank following end-of-term or mid-term appraisal of those occupying the position of Assistant/Associate Professor. The positions 
are tenable till the age of superannuation (presently at 65 years). 


The University Grants Commission will synergize and coordinate with Institutions under its umbrella for appropriate placement of successful candidates. 


The UGC-faculty will receive emoluments at par with those of the Central University appointees. In addition, facilities (such as residential accommoda- 
tion, etc.), commensurate with those available to faculty of the host Institution, may be extended to them. Also, they will be entitled to competitive start 
up grant for research. 


For expanded description of the Programme, Positions and Application Procedure, please visit website: www.ugefrp.ac.in 


INDIAN INSTITUTE OF SCIENCE 


WO M EN IN SCI ENCE ( S) 5 EDUCATION AND RESEARCH 


green Bl MOHALI 


The Indian Institute of Science Education & Research (IISER) 
Mohali, India invites applications from outstanding candidates for 
: positions at the level of Assistant Professor, Associate professor 
Read inspiring stories of af and Professor, in the broad disciplines of Biology, Chemistry, 
women working in “Green j Mathematics, Physics, Earth & Environmental Sciences and 


Science” who are blending Humanities & social sciences. 


a unique combination of si seats 
enthusiasm for science and IISER Mohali is a premier institute that has been set up by the 


concern for others to make the 7 Government of India to carryout research in frontline areas of 
world a better place. science and to provide quality education at the undergraduate and 
graduate level. Located adjacent to Chandigarh, one of the most 
livable cities of India, IISER Mohali is into its 6th year and it provides 
both a supportive and a very vibrant research environment. 


Successful applicants would be expected to maintain a strong 
research program and also participate in the undergraduate and 
. graduate teaching. Salary and benefits will be commensurate with 
Download this free booklet experience and Government of India norms (visit http://www. 


ScienceCareers.org/LOrealWiS iisermohali.ac.in/faculty_openings.html). 


Applicants should submit a letter of interest, stating their present 
Science and future research objectives, curriculum vitae that includes a 

; summary of research and teaching, and contact information for 

i / three referees. A downloadable form for application is available 
from IISER Mohali website. Applications can be mailed to Dean 
Faculty, IISER Mohali, Sector 81, Knowledge City, P.O. Manauli, 


in partnership with the L’Oreal Foundation Punjab 140306, India; or by email to deanfaculty@iisermohali. 
ac.in 


This booklet is brought to you by the AAAS/Science Business Office 


online @sciencecareers.org 
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SCHOOL OF MEDICINE 
Department of Pediatrics 
INIVERSITY OF LORAOO ANSCHUTZ MEDICAL CAMPUS 


® 
Yerisrens Hospital Colorado 


University of Colorado School of Medicine 


Chief, Section of Genetics 
Department of Pediatrics 
University of Colorado School of Medicine and 
Children’s Hospital of Colorado 


The Department of Pediatrics of the University of Colorado School of 
Medicine and Children’s Hospital Colorado seeks outstanding candidates 
for the position of Chief, Section of Genetics. The Section is home to 
a large and comprehensive clinical group, an accomplished group of 
researchers studying a wide array of genetic disorders, and operates full- 
service biochemical and molecular clinical laboratories. 


The Section is based on the all-new Anschutz Medical Campus in Aurora, 
CO. The Anschutz Medical Campus includes the University of Colorado 
School of Medicine educational and research facilities, Children’s Hos- 
pital Colorado, and the University of Colorado Hospital, as well as the 
Biomedical Graduate Programs, the Colorado School of Public Health, the 
School of Pharmacy and Pharmaceutical Sciences, the School of Dentistry 
and the College of Nursing. 


The successful candidate is expected to lead the diverse activities of the 
Section, and to lead and build outstanding independent research programs 
in the area of medical genetics or genomics. Applicants must have a strong 
record of accomplishment in biomedical research, current NIH or other 
extramural funding, and a demonstrated commitment to education of 
medical and graduate students, fellows, and residents. M.D. appointees 
may be engaged in clinical care. Appointment will be at the Associate 
Professor or Professor level, as appropriate. 


Applications are accepted electronically at www.jobsatcu.com, reference 
Position F00057. 


rimate Research 
Center 
STEM CELL REGENERATIVE MEDICINE 
FACULTY POSITIONS 
Southwest National Primate Research Center (SNPRC) 


The SNPRC at the Texas Biomedical Research Institute invites applications 
and nominations for two faculty positions in stem cell regenerative medicine. 
Applicants and nominees are expected to have an interest in, and preferably 
experience with, nonhuman primate models. Major strengths of the SNPRC are 
in genetics and genomics, metabolic disorders, and infectious diseases. Several 
primate models of human diseases developed at SNPRC are ideally suited for 
translational research on stem cell regenerative medicine. The SNPRC has an 
outstanding diversity of primate resources, including large colonies of baboons, 
rhesus monkeys, common marmosets, and chimpanzees. 


@ TEXAS BIOMEDICAL 6%* SNPRC 


RESEARCH INSTITUTE 6 memancshecose sa 


The SNPRC has close associations with the University of Texas Health Science 
Center at San Antonio and the University of Texas at San Antonio, includ- 
ing opportunities for roles in graduate education. A critical mass of stem cell 
regenerative medicine researchers exists at those institutions, together with the 
developing stem cell regenerative medicine program at the SNPRC. The SNPRC 
has a strong tradition in postdoctoral training. 


Rank and salary will be nationally competitive and commensurate with experi- 
ence. The laboratories and offices of the successful candidates will be located in 
the new SNPRC laboratory and administration facility, which is now under con- 
struction and expected to be ready for occupancy in March, 2014. The positions, 
as well as temporary laboratory and office space, are available immediately. 


Applications and nominations should be sent to the Chair, SNPRC Regenera- 
tive Medicine Search Committee, c/o Human Resources Office, P.O. Box 
760549, San Antonio, TX 78245-0549, and should include a letter outlin- 
ing qualifications and research interests. Applications, but not nominations, 
must also include a CV, and the names and contact information for at least 
three references. Additional information about the SNPRC can be found at 
www.snpre.org. Additional information about Texas Biomed can be found at 
www.txbiomed.org. 


EOE 


Ocean Research center of Zhoushan, 
Zhejiang University 


PLAS LBA PD 


Ocean Research Center of Zhoushan, Zhejiang University is 
a research institution in Zhoushan City, Zhejiang Province, 
China, which is set up by Zhoushan government and Zhejiang 
University in 2009. Multiple positions for senior talents are 
open in following areas: 


* Marine sciences, including physical oceanography, 
marine chemistry, marine biology, marine geology etc. 
Marine engineering, including shipbuilding, mechatronics, 
environment, information, energy etc. 

e — Marine policy and culture. 


Applicants should have strong research profile and potential 
capacity to conduct innovative research in these areas and 


have at least 3 years working experiences in first-class 
universities, research institutes or enterprises. The center 
provides state-of-the-art research facilities and strong 
supporting staffs. Competitive start-up support, salary and 
benefits will be offered according to individual qualification 
and experience. 


Please submit your full CV, the cover letter and your future 
plan to Ji Wenxiu at ajiwenxiu@yahoo.com.cn or call 
86-(0580)-2186309. The positions will be open until they 
filled by appropriate candidates. 


Icahn School of Medicine at Mount Sinai is one of the 
world’s leading biomedical institutions and internationally 
acclaimed for excellence in scientific research, clinical 


care and education. It is among the nation’s top twenty 
medical schools in NIH funding and vs and Icahn ‘i 
World Report rankings. The School offers education School of 


programs leading to M.D., Ph.D. and master’s Medicine at 
degrees, and attracts outstanding students Mount 
to its highly competitive programs and Sinai 


invigorating academic environment. 


CHAIR, DEPARTMENT OF PHARMACOLOGY 
AND SYSTEMS THERAPEUTICS 


Mount Sinai’s Department of Pharmacology and Systems Therapeutics 
is a vibrant, interactive department dedicated to research, teaching and 
development of novel therapeutics. The robust research portfolio of the 
Department places it among the top-ranked in the nation for NIH funding. 
Department faculty plays a critical role in the education of both graduate 
students and medical students. The Department has 30 full-time faculty 
members, and is one of eight basic science departments at Mount Sinai. 
Our leadership is committed to provide the resources needed not only to 
maintain but also to grow our outstanding Department of Pharmacology 
and Systems Therapeutics. 


We seek a recognized leader with an outstanding academic background, 
including strong research credentials, commitment to education, mentoring 
experience and proven leadership and management skills. Direct experience 
in industry through biotechnology company formation or pharmaceutical 
employment and/or development of novel therapies is highly desirable, as 
are industry connections that will facilitate and foster translational research 
within the Department. 


We offer a highly competitive remunerative package commensurate with 
the scope of this position, along with an opportunity to join our world class 
organization. Please email a letter of application or nomination, a curriculum 
vitae and three letters of reference to: pharmsearch@mssm.edu 


To receive full consideration, applications 
should arrive by April 1, 2013. 


Mount Sinai Medical Center is an equal opportunity/affirmative action employer. 
We recognize the power and importance of a diverse employee population and 
strongly encourage applicants with various experiences and backgrounds. 


MSD China 


Postdoctoral Research Fellow Program 


At MSD, known as Merck in the United States, we work to bring important medicines and vaccines to people around the world 
through innovative science. In 2011, we established the MSD China Research and Development Center in Beijing. We are working 
with China’s leading hospitals and institutes on research that will change the way healthcare is delivered to the Chinese people. 


MSD China R&D is proud to announce the new MSD China Postdoctoral Research Fellow Program, an expansion of our recently 
launched MRL Postdoctoral Research Fellow Program that builds on our legacy of scientific excellence. The MSD China Program 
offers researchers in China a new path to the forefront of research in drug discovery. 


As a Research Fellow in the MSD China Postdoctoral program, you will conduct research in important areas of drug discovery, 
either with scientists in the MSD China Research and Development Center, or in your current research institute in China under the 
tutelage of your postdoctoral advisor and a MSD scientist. Our postdocs will have the opportunity to: 


* Obtain unique experience in pharmaceutical research and development 

* Work with leading researchers at Merck/MSD 

* Generate innovative science resulting in high-quality external publications 

* Present seminars at scientific meetings and have the opportunity to interact with the international scientific community 
* Be positioned for choice careers in pharma, biotechnology, or academia 


MSD is a world’s leading pharmaceutical research organization and has a long history of science-driven inventions that have 
improved human health. Our passion is improving health. This is what keeps us at the leading edge of scientific discovery and 
innovation. 
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ee Director 
: Joint Global Change 

Research Institute 
RE ae oe ee College Park, MD 


“4 
Pacific Northwest 


Pacific Northwest National Laboratory is seeking 
a Director for the Joint Global Change Research 
Institute, a collaboration between PNNL and the 
University of Maryland, in College Park, MD. 
This is an extraordinary opportunity to lead an 
interdisciplinary, world-class research team in 
addressing issues at the energy-environment 
interface. The Institute houses a multi-disciplinary 
team of about fifty full time staff, students and 
international visitors dedicated to understanding 
the problems of global change and their potential 
solutions. Scientific staff at the Institute bring 
decades of experience and expertise to bear in 
science, technology, economics, and policy. 


The successful candidate will have an 
international reputation in climate change and/or 
energy-environmental issues, and demonstrate 
broad understanding of the multi-disciplinary 
challenges associated with global change research. 
A PhD in Environmental Sciences, Engineering, 
Atmospheric Sciences, Biogeochemical Sciences, 
or related fields and 10 or more years of experience 
involving increasing responsibility in global 
change and/or energy-environment research is 
expected. 


For more information, please contact Gary 
Worrell, Executive Recruiter, at 509/372-4721, 
gary.worrell@pnnl.gov, or to apply online, visit 
http://jobs.pnnl.gov, Job ID 302210. 


PNNL is an Affirmative Action/Equal 
Employment Opportunity Employer. 


CAREER Running 
TRENDS Your Lab 


AAAS is here —- 


bringing educational infrastructure 
to the developing world. 


AAAS is helping the Rwandan government rebuild its educational 
infrastructure as a way to help drive economic growth and 
development. By providing materials such as the Project 2061 Atlas 
of Science Literacy, lesson plans from Science NetLinks, and access preree | 
to Science digital libraries, AAAS is helping the people of Rwanda a4 ure copy tet : 
; ? pownloa your oklets 
work toward a future built around science and technology. As a pee 'g/ HOON 
AAAS member your dues support these efforts. If you’re not yet a ; 


AAAS member, join us. Together we can make a difference. 


From the journal Science AN AAAS 


To learn more, visit _ 
aaas.org/plusyou/rwanda MN AAA + U = A Brought to you by the 


AAAS/ Science Business Office 
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/7/+-\\\\ HUMAN FRONTIER SCIENCE 
PROGRAM (HFSP) 


CALL FOR NOMINATIONS FOR 
THE 2014 HFSP NAKASONE AWARD 


In keeping with its mission to promote innovative international 
research, HFSP invites nominations for the 2014 Nakasone Award 
which honors ground-breaking contributions in the life sciences. 
Typically these will be breakthroughs in understanding the complex 
mechanisms of living organisms that have important consequences 
for scientists throughout the world. Experimental, conceptual and 
technological contributions are eligible. This award recognizes the 
vision of former Prime Minister Nakasone of Japan in the creation 
of HFSP. 


The winner of the 2013 award was Stephen Quake of Stanford 
University, USA, for pioneering work that advanced biological 
measuring techniques. 


The competition is open; it is not limited to HFSP awardees and there 
is no age limit for candidates. However the jury will pay particular 
attention to recent breakthroughs by younger scientists. Nominations 
should be made before 5 April 2013 by submitting the standard 
one-page nomination form and the nominee’s CV (see the HFSP 
website for more information). The selection will be made by the 
HFSP Council of Scientists at its meeting in July 2013. 


The awardee will receive an unrestricted research grant of 10.000 
USD, a commemorative medal and an invitation to deliver the 
Nakasone lecture at the 2014 HFSP Awardees Meeting. 


HFSP, 12 quai Saint-Jean, 67080 STRASBOURG Cedex, France, 
www.hfsp.org/awardees 


Hanjing Biometicn’ Reto orc metituts of | fe 7 
Nanjing University ° 


MAAS — MOU aE TOR 


Model Animal Research Center of Nanjing University 
National Resource Center for Mutant Mice 


RAFAH AA 


Full-time Associate Professor or Full Professor 


The Model Animal Research Center (MARC) of Nanjing University 
invites applications for full-time faculty positions, at academic 
ranks of Associate or Full Professor. Individuals with demonstrated 
accomplishments in, but not limited to, the following areas are 
encouraged to apply — neurobiology, immunology, development biology, 
metabolic disease and cancer biology. Highly competitive research 
support will be provided in an interactive and nurturing environment. 
Individuals will have an opportunity to establish a state-of-the-art 
independent research program in newly renovated space and to interact 
with a strong group of affiliated scientists. For more information and to 
apply visit website: http://www.nicemice.cn/. 


Our institute’s research interests emphasize on programs in the studies 
on human diseases using different model animal systems such as 
mouse, zebrafish, fruit fly, and nematode worm. Now MARC has 
established an excellent platform for functional analysis of transgenic 
and knockout mice, with AAALAC accredited SPF animal facility 
with 90,000 mouse cages till end of 2013. Interested individuals, 
regardless of their nationalities, should submit a detailed letter of 
interest, curriculum vitae, PDFs of three of their best publications, and 
three letters of recommendation to: Dr. PAN Dejing, Deputy director 
of Model Animal Research Center, Nanjing University, 12 Xuefu 
Road, Nanjing, Jiangsu 210061, China or preferably electronically 
to pandj@nicemice.cn or pandj@nbri-nju.com. The positions are 
available immediately. Applications will be evaluated by faculty search 
committee upon receipt until the positions are filled. 


human development in landscapes 
GRADUATE SCHOOL AT THE UNIVERSITY OF KIFL 


Christian-Albrechts-Universitat zu Kiel 


Christian-Albrechts-Universitat zu Kiel, Germany aims to attract 
more qualified women for professorships. The Medical Faculty of 
Christian-Albrechts-Universitat zu Kiel invites applications for a 
full-time 


Junior Professor (W 1) position 
for Ancient DNA Analysis 


initially for 3 years with a tenure track option starting as soon as 
possible. The Junior Professor will be employed as a civil servant 
(Beamtenverhaltnis) on a temporary basis. 


We are seeking an energetic and highly motivated scientist to 
conduct world-class research in the field of ancient DNA (aDNA) 
analysis. The applicant is expected to address research questions in 
Evolutionary Medicine and Archaeology with a focus on the genetic 
and genomic analysis of aDNA. Special emphasis will be placed 

on the establishment of a state-of-the-art aDNA laboratory and the 
development of innovative research methods, e.g. Next Generation 
Sequencing technologies. 


APhD in a discipline relevant for the project and qualifications in both 
molecular life science and pre- and protohistory are a prerequisite. 
Preference will be given to individuals with a solid publication record. 


The successful candidate possesses excellent knowledge in the 
field of genome sequencing and data analysis as well as broad 
experience in aDNA lab work, standard molecular genetic methods, 
archaeological theories and archaeological fieldwork. Familiarity with 
setting up and managing an aDNA laboratory is advantageous. 


The position will be assigned to the Johanna-Mestorf-Academy, 

and a major aspect of this professorship is the contribution to the 
interdisciplinary research environment of this academy. Close 
collaborations with institutes and scientists from various disciplines is 
explicitly expected. The professor will be involved in the supervision of 
PhD students and teaching of undergraduates. The position is primarily 
based in the Medical Faculty and has secondary memberships in the 
Philosophical and Mathematical-Natural Sciences Faculties. 


Applicants must have the necessary formal qualifications as set out 
in § 64 of the Universities and Colleges Act of Schleswig-Holstein 
(HSG). For more information, please refer to the webpage 
www.berufungen.uni-kiel.de/de. After a positive evaluation and if the 
qualifying requirements according to § 62 HSG are met, a tenure 
option will be offered, i.e. a change of status into a permanent 

W 2-professorship of the position. At Christian-Albrechts-Universitat 
zu Kiel, for this a separate evaluation process will be performed 
during the second phase of the junior professorship in addition to the 
standard evaluation procedure for junior professors. 


The HSG asks the Medical Faculties of Christian-Albrechts-Universitat 
zu Kiel and Universitat zu LUbeck to collaborate closely with each 
other and with Universitatsklinikum Schleswig-Holstein, to establish 
and coordinate research foci. Moreover, the federal state of 
Schleswig-Holstein expects clinics, institutes and newly appointed 
professors to collaborate with each other. 


Women with equivalent qualifications, competence and expertise will 
be given preference. The university therefore strongly encourages 
women with appropriate qualifications to apply for the position. The 
university supports the employment of disabled persons. Persons 
with disabilities will, with appropriate qualifications and aptitudes, be 
employed preferentially. 


Applications, including a curriculum vitae, qualifying documentation 
(publications, evidence of external funding, teaching experience) 
and a short research plan should be addressed to the Dean of the 
Medical Faculty of Kiel University, Christian-Albrechts-Universitat zu 
Kiel, Christian-Albrechts-Platz 4, 24098 Kiel, Germany. 


The closing date is 29" of March 2013. Candidates willing to apply 
should read the application guideline and fill in the profile form 
available on our website: 
www.uni-kiel.de/landscapes/allgemein/jobs/jrprof_adna.shtml 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers W\ AAA y + U = A 
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AAAS is here — promoting universal science literacy. 


- 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 PN AAA: y+ U -_ A 
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AAAS is here — bringing scientific expertise to policy making. 


Good science policy is the result of politicians understanding science and scientists understanding policy. Toward this end, 
AAAS manages the Science & Technology Policy Fellowships program, which embeds scientists and engineers in the federal 
government for up to two years. From Congress to the State Department, each class of Fellows contributes to the policy-making 
process while getting hands-on experience at the intersection of science and policy. As a AAAS member your dues support these 
efforts. If you’re not yet a AAAS member, join us. Together we can make a difference. 


MN AAA me 
To learn more, visit aaas.org/plusyou/fellows W\ AAAS 5 U a A 


AAAS is here — Science Funding, Climate Regulation, Human Rights. 


Around the world, governments turn to AAAS as an objective, multidisciplinary scientific authority to educate public 
officials and judicial figures on today’s most pressing issues. And this is just one of the ways that AAAS is committed to 
advancing science to support a healthy and prosperous world. Join us. Together we can make a difference. 


To learn more, visit aaas.org you/policy 
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CAREER OPPORTUNITY—Doctor of Optom- 
etry (OD) degree in 27 months for Ph.D.s in science and 
M.D.s. Excellent career opportunities for O.D.-Ph.D.s 


voted to clinical care. 
your free copy 
424 Beacon Street, Boston, MA 02115. Additional 


and O.D.-M.D.s in research, education, industry and 

Contact the Admissions Office, telephone: 800-824- 

tod a information, website: http://www.neco.edu; e-mail: 
e admissions@neco.edu. 


Down load clinical practice. This unique program starts in March 
of each year, features small classes, and 12 months de- 
5526 at The New England College of Optometry, 
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We deliver 
customized 


From technology specialists to patent J O b a le rts ° 
attorneys to policy advisers, learn more 
about the types of careers that scientists Science Careers 
can pursue and the skills needed in order 
to succeed in nonresearch careers. Fromthe journal Science PANAAAS 
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Promab Biotechnologies Inc. 
Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 
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Now, more than ever, developments in the lab are directly connected to decisions made in 
the halls of government. 


Sciencelnsider, the policy blog from the journal Science, is your source for news from the 
intersection of science and policy. From budget debates in the United States Congress, to 
climate change agreements at the United Nations, Sciencelnsider covers the issues that have 
an impact on your work, your field, and your world. 


Keep up to date and keep informed. Go inside the issues at www.Sciencelnsider.org 


aM Sciencelnsider 


Breaking news and sreabgclet from the world of science policy 
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PTEN (-/-) mouse prostate using Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060 


XP Monoclonal Antibodies, 


one antibody, multiple applications 
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Unparalleled product quality, validation, Exceptional specificity 

d Ly . ail As with all of our antibodies, the antibody is specific to your target of 
and technical support. interest, saving you valuable time and resources. 
XP* monoclonal antibodies are a line of high + Exceptional sensitivity 

The antibody will provide a stronger signal for your target protein in 

quality rabbit monoclonal antibodies exclusively cells and tissues, allowing you to monitor expression of low levels of 

: : . endogenous proteins, saving you valuable materials. 
available from Cell Signaling Technology. + Exceptional stability and reproducibility 


XMT technology combined with our stringent quality control ensures 
maximum lot-to-lot consistency and the most reproducible results. 


selected based on superior performance in = Exceptional performance™ 


Any product labeled with XP has been carefully 


XMT technology coupled with our extensive antibody validation and 
stringent quality control delivers XP monoclonal antibodies with 
exceptional performance in the widest range of applications. 


the most relevant research applications. 
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kDa PC3 NIH/3T3. 

100 
e| | . <4 Phospho-Akt (Ser473) (D9E) XP° Rabbit mAb #4060 
& Phospho-Akt demonstrates exceptional performance in a wide 

60 (Ser473) range of applications. 
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